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13 This note summarizes many detailed physics studies done by
14he ATLAS and CMS Collaborations for the LHC, concentrat-

14 ing on processes involving the production of high mass states.
15 These studies show that the LHC should be able to elucidate the
15 Mechanism of electroweak symmetry breaking and to study a
16 Variety of other topics related to physics at the TeV scale. In
1darticular, a Higgs boson with couplings given by the Standard
181odel is observable in several channels over the full range of
1Rllowed masses. Its mass and some of its couplings will be de-

termined. If supersymmetry is relevant to electroweak interac-

tions, it will be discovered and the properties of many super-
1gymmetric particles elucidated. Other new physics, such as the
22xistence of massive gauge bosons and extra dimensions can be
23searched for extending existing limits by an order of magnitude
23 or more.

24
24 .

INTRODUCTION AND MOTIVATION

25 This document summarizes the potential of the Large Hadron
25 Collider (LHC) for high mass and high transverse momentum
26 physics and explains why the LHC is expected to provide a cru-

. 2&ial next step in our understanding of nature. The results given



here are based on publically available work done by many Ahe correctness of the model accumulated through 1970’s and
LAS and CMS collaborators either as part of the design of ti€80's:

ATLAS [1] and CMS [2] detectors or in subsequent investiga-
tions. On the basis of these studies, we believe that the physic®
potential of the LHC is enormous: among currently approved
projects in high energy physics, it uniquely has sufficient energy
and luminosity to probe in detail the TeV energy scale relevant

observation of (approximate) scaling in deep inelastic scat-
tering experiments, showing the existence of point-like
scattering centers inside nucleons, later identified with
quarks [5];

A The Standard Model e observation of neutral weak currents fréfrexchange [7];

The Standard Model (SM) is a very successful description.
of the interactions of the components of matter at the smallest
scales £ 10~ m) and highest energies-(200 GeV) accessi-
ble to current experiments. It is a quantum field theory that de-e direct observation of th8” andZ at the CERNSppS col-
scribes the interaction of spif; point-like fermions, whose in- lider [9].
teractions are mediated by spin-1 gauge bosons. The existence | . . ) )
of the gauge bosons and the form of their interactions are df@/lowing these discoveries, ever more precise experiments
tated by local gauge invariance, a manifestation of the symmefliy.EP and SLC have provided verification of the couplings
group of the theory, which for the SM&U (3) x SU(2) x U (1). 0 quark_s z_and Iepton_s to the gati%e bosons at the level of 1-

The fundamental fermions are leptons and quarks; the | fOP rad|at|\{e corrections O(}O )).' Also, the top quark
handed states are doublets under #i&(2) group, while the as been discovered at Fermilab with a very large mass (
right-handed states are singlets. There are three generation]s7 . eV) [10]. . .
fermions, each generation identical except for mass. The ori"Ith the recent direct observation of the [11], only one
gin of this structure, and the breaking of generational Sym”_Eartlcle from the Standard Model has yet to be observed, the

e

observation of jet structure and three-jet final states result-
ing from gluon radiation ir*e~ and hadron-hadron col-
lisions [8];

try (flavor symmetry) remain a mystery. There are three | _i-ggs boson. The Higgs is very important because it holds the
tons with electric charge 1, the electrond), muon () and tau

ey to the generation di/, Z, quark and lepton masses.
lepton ¢); and three electrically neutral leptons, the neutrinosSome of the SM parameters, specifically those of the CKM

Ve, v, andv,. Similarly there are three quarks with electriétnatr_'x’ are not ngltdgt_err;;:negM I?hpartlﬁular,hwhlle_ CtF;] V'EIEM
charget 2, up (u), charm ¢) and top €); and three with electric lon 1S accommodated in the rougn a pnase in the

charge—1, down (), strange §) and bottom ). The quarks guark mixing matrix, it remains poorly understood. CP viola-

are triplets under th8U (3) group and thus carry an additionaf'.On was first observed in K decays [12]. Recently, direct CP

“charge,” referred to as color. There is mixing between the thr}é@:a:!on ha;been i?eﬂ n E decays [1%],fan::i gwdeln;:elfé)r cP
generations of quarks, which in the SM is parameterized by ghgaton in b — WK, has been seen iB-factories [14, 15]

Cabibbo-Kobayashi-Maskawa (CKM) [3] matrix but is not ex‘:md in CDF [16]. More precise measurements over the next few
plained years should determine these parameters or demonstrate the SM

. cannot adequately explain CP violation.
In the SM theSU(2) x U(1) symmetry group describes the The minimal SM can only accommodate massless neutrinos

electroweak interactions. This symmetry is spontaneously bro- ; - . .
. : . . and hence no neutrino oscillations. There is evidence for such
ken by the existence of a (postulated) Higgs field with a non- . . ; !
) : . scillations from measurements by SuperKamiokande of neutri-
zero expectation value, leading to massive vector bosons — nos produced in the atmosphere and from a deficit in the flux of
W+ and Z — which mediate the weak interaction; the pho- P P

. . . lectron neutrinos from the sun[17]. While it is easy to extend
ton of electromagnetism remains massless. One physical de- . . . .
. . éwe SM to include neutrino masses, understanding their small

gree of freedom remains in the Higgs sector, a neutral scalal s seems to require qualitatively new phvsics

bosonHY, which is presently unobserved. TI&/(3) group quire q y physics.

describes the strong interaction (quantum chromodynamics or

QCD). The eight vgctor gluons (t?1at mediate this i?/wteraction B. Beyond the Standard Model

themselves carry color charges and so are self-interacting. Thishe success of the Standard Model [4] of strong (QCD), weak

implies that the QCD coupling.s is small for large momen- and electromagnetic interactions has drawn increased attention

tum transfers but large for small momentum transfers, and leadsts limitations. In its simplest version, the model has 19 pa-

to the confinement of quarks inside color-neutral hadrons. Atmeters [18], the three coupling constants of the gauge theory

tempting to free a quark produces a jet of hadrons througl/(3) x SU(2) x U(1), three lepton and six quark masses,

quark-antiquark pair production and gluon bremsstrahlung. Tite mass of th&Z boson which sets the scale of weak interac-

smallness of the strong coupling at large mass scales makafiis, the four parameters which describe the rotation from the

possible to calculate reliably cross sections for the productigak to the mass eigenstates of the chargg3 quarks (CKM

of massive particles at the LHC. matrix). All of these parameters are determined with varying
The basic elements of the Standard Model were proposecdeimors. One of the two remaining parameters is the coeffiéient

the 1960’s and 1970’s [4]. Increasing experimental evidenceaffa possibleC P-violating interaction among gluons in QCD;



limits on theC'P violation in strong interactions imply that it also multiple Higgs bosons:, H, A and H*. There is thus
must be very small. The other parameter is associated with thiarge spectrum of presently unobserved particles, whose exact
mechanism responsible for the breakdown of the electrowealksses, couplings and decay chains are calculable in the theory
SU(2) x U(1) to U(1)em. This can be taken to be the masgiven certain parameters. Unfortunately these parameters are
of the as yet undiscovered Higgs boson, whose couplings ar&known. Nonetheless, if supersymmetry is to have anything to
determined once its mass is given. Additional parameters d@with electroweak symmetry breaking, the masses should be
needed to accommodate neutrino masses and mixings. in the region 100 GeV -1 TeV.

The gauge theory part of the SM has been well testedAn example of the strong coupling scenario is “technicolor”
but there is little direct evidence either for or against ther models based on dynamical symmetry breaking [23]. Again,
simple Higgs mechanism for electroweak symmetry breakin§the mechanism is to have anything to do with Electroweak
The current experimental lower bound on the Higgs massSymmetry breaking we would expect new states in the region
113.5GeV[19]. If the Standard Model Higgs sector is corl00 GeV — 1 TeV; most models predict a large spectrum. An
rect, then precision measurements at thand elsewhere canelegant implementation of this appealing idea is lacking. How-
be used to constrain the Higgs mass via its contribution to tbeer, all models predict structure in théW scattering ampli-
measured quantities from higher order quantum correctionsttiole at around 1 TeV center of mass energy.
be less than 212 GeV [20] at 95% confidence. As the HiggsThere are also other possibilities for new physics that are not
mass increases, its self couplings and its couplings tdithe necessarily related to the scale of electroweak symmetry break-
andZ bosons grow [21]. This feature has a very important coing. There could be new neutral or charged gauge bosons with
sequence. Either the Higgs boson must have a mass less thass larger than th& and W; there could be new quarks,
about 800 GeV or the dynamics &f W and ZZ interactions charged leptons or massive neutrinos; or quarks and leptons
with center of mass energies of order 1 TeV will reveal negould turn out not to be elementary objects. It is even possible
structure. It is this simple argument that sets the energy scihlat there are extra space time dimensions [24][25] that have
that must be probed to guarantee that an experiment will be ablgservable consequences for energies in the TeV mass range.
to provide information on the nature of electroweak symmetiyhile we have no definitive expectations for the masses of these
breaking. objects, the LHC must be able to search for them over its avail-

The presence of a single elementary scalar boson is distastge energy range.
ful to many physicists. If the theory is part of some more fun-
damental theory, which has some other larger mass scale (such
as the scale of grand unification or the Planck scale), there is a Il. - THE LARGE HADRON COLLIDER
serious “fine tuning” or naturalness problem. Radiative correc-
tions to the Higgs boson mass result in a value that is driven to
the larger scale unless some delicate cancellation is engineerdthe LHC machine is a proton-proton collider that will be in-
(m¢ — m?3 ~ MZ, wheremo andm; are orderl0'®> GeV or stalled in the 26.6 km circumference tunnel formerly used by
larger). There are two ways out of this problem which involvihe LEP electron-positron collider at CERN [26]. The 8.4 Tesla
new physics at a scale of order 1 TeV. New strong dynamidgpole magnets — each 14.2 meters long (magnetic length) —
could enter that provides the scale bfy,, or new particles are of the “2 in 1” type: the apertures for both beams have a
could appear so that the larger scale is still possible, but t@mmon mechanical structure and cryostat. These supercon-
divergences are canceled on a much smaller scale. It is alsting magnets operate at 1.9K and have an aperture of 56 mm.
possible that there is no higher scale as, for example in mod€ley will be placed on the floor in the LEP ring after removal
with extra dimensions. In any of the options, Standard Modelnd storage of LEP. The 1104 dipoles and 736 quadruples sup-
new dynamics or cancellations, the energy scale is the sapert beams of 7 TeV energy and a circulating current of 0.54
something must be discovered on the TeV scale. A.

Supersymmetry is an appealing concept for which there isBunches of protons separated by 25 ns and with an RMS
at present, no experimental evidence [22]. It offers the onlgngth of 75 mm intersect at four points where experiments are
presently known mechanism for incorporating gravity into thelaced. Two of these are high luminosity regions and house
quantum theory of particle interactions, and it provides an ellte ATLAS and CMS detectors. Two other regions house the
gant cancellation mechanism for the divergences provided t#&iiCE detector [27], to be used for the study of heavy ion
at the electroweak scale the theory is supersymmetric. The stmllisions, and LHC-B [28], a detector optimized for the study
cesses of the Standard Model (such as precision electrowefk-mesons and-Baryons. The beams cross at an angle of
predictions) are retained, while avoiding any fine tuning &0Qurad, resulting in peak luminosity afo** cm=2s~1 with
the Higgs mass. Some supersymmetric models allow for thduminosity-lifetime of 10 hours. The expected data samples
unification of gauge couplings at a high scale and a consge30 (300) fo~! at1033 cm=2s~! (1034 cm~2s~1), called low
quent reduction of the number of arbitrary parameters. Supfrigh) luminosity in this document. At the peak luminosity
symmetric models postulate the existence of superpartnerstfare are an average ef 20pp interactions per bunch cross-
all the presently observed particles: bosonic superpartnersraf. Ultimately, the peak luminosity may increase beyaagt
fermions (squarkg and sleptong), and fermionic superpart- cm~2 sec . The machine will also be able to accelerate heavy
ners of bosons (gluinog and gauginosy?, Xf)- There are ions resulting in the possibility of, for example, Pb-Pb colli-

A. Machine parameters



sions at 1150 TeV in the center of mass and luminosity up toe Jets that havé-quarks within them.
102" cm=2 sec L.

In the pp version, which will be the focus of the rest of this e Missing transverse energy carried off by weakly interact-
article, the LHC can be thought of as a parton-parton collider ing neutral particles such as neutrinos.

with beams of partons of indefinite energy. The effective lu- _ ) ) ) )
minosity [29] of these collisions is proportional to the lu- In the discussion of physics signals that we present below, it

minosity and falls rapidly with the center of mass energy 4% necessary to estimate productioq cross sectio.ns for both s_ig—
the parton-parton system. The combination of the higher €}l and background processes. This is done using perturbative
ergy and luminosity of the LHC compared to the highest ener@D- Such calculations depend on the parton distribution func-

collider currently operating, the Tevatron, implies that the aEons that are used, the energy?(scale) used in the evalua-

cessible energy range is extended by approximately a factofigf of the QCD coupling constant and the structure functions,
ten. and the order in QCD perturbation theory that is used. These

issues make comparison between different simulations of the
same process difficult. Higher order corrections are not known
for all processes and in some cases they are known for the sig-
The fundamental goal is to uncover and explore the physigal and not for the background. Most of the LHC simulations
behind electroweak symmetry breaking. This involves the fadre conservative and use lowest order calculations. Higher order
lowing specific challenges: corrections almost always increase the cross sections, typically
r?é( a so-calledK factor of order 1.5 to 2.0. The real analy-
sis will of course be based on the best calculations available at
the time. At present, the uncertainties from the choice of scale

o Discover or exclude supersymmetry over the entire the@Ad structure functions are typically at the 20% level. The total
retically allowed mass range up to a few TeV. cross-section fob-quark production is particularly uncertain.
. _ The level of simulation used to study the processes varies
* Discover or exclude new dynamics at the electrowegfyite widely. For some processes a full GEANT [30] style sim-
scale. ulation has been carried out. Such simulations are very slow

The energy range opened up by the LHC also gives us the opp(@‘r—lo Spec95-hr/event) and are difficult to carry out for pro-

tunity to search for other, possibly less well motivated, object§€SSes where a large number of events needs to be simulated
and many strategies for extracting signals need to be pursued.

o Discover or exclude any new electroweak gauge bosadmsthese cases a particle level simulation and parameterized de-
with masses below several TeV. tector response is used. A lower level of simulation involving
partonsi.e., leptons and jets) and parameterized response is fast
Rd might be required when the underlying parton process is not
present in full event generators. This last level of simulation is
« Discover or exclude extra-dimensions for which the apprgseful for exploring signals but often leads to overly optimistic

priate mass scale is below several TeV. results, particularly when the reconstruction of invariant masses
of jets or missing energy are involved. None of the results in-
Finally we have the possibility of exploiting the enormous pre-juded here use this last level of simulation, unless stated ex-
duction rates for certain Standard Model particles to conduct theeitly.
following studies:

B. Physics Goals

e Discover or exclude the Standard Model Higgs and/or t
multiple Higgs bosons of supersymmetry.

e Discover or exclude any new quarks or leptons that
kinematically accessible.

¢ Study the properties of the top quark and set limits on ex- C. Detectors

otic decays such as— cZ ort — bH™. . .
Two large, general-purpose collider detectors are being

¢ Study ofb-physics, particularly that of-baryons and3, constructed for LHC: ATLAS [1] and CMS [2]. Both collab-
mesons. orations completed Technical Proposals for their detectors in
. - . December 1994, and were formally approved in January 1996.
An LHC experiment must have the ability to find the unexconstruction is now underway. Though they differ in most de-

pected. New phenomena of whatever type will decay into thgs, the detectors share many common features that are derived
particles of the Standard Model. In order to cover the lists giveRym the physics goals of LHC:

above a detector must have great flexibility. The varied physics

signatures for these processes require the ability to reconstrud they both include precision electromagnetic calorimetry;

and measure final states involving the following

¢ they both use large magnet systems (though of different ge-
ometries) in order to obtain good muon identification and

e The electroweak gauge boson;, Z and-. precision momentum measurement,

e Charged leptons, including thevia its hadronic decays.

e Jets of energy up to several TeV coming from the produc-e they both have lepton identification and precision measure-
tion at high transverse momentum of quarks and gluons. ment overn| < 2.5;
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Figure 1: The ATLAS detector.
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Figure 2: The CMS detector.



o they both have multi-layer silicon pixel tracker systems for
heavy flavor tagging (the usefulness of this capability is an
important lesson from the Tevatron);

e they both include calorimetry for largg| < 5 coveragein o
order to obtain the required resolution. c‘g
(@]
The ATLAS detector is shown in Fig. 1. It uses a tracking E
system employing silicon pixels, silicon strip detectors, and@

109

1071

1072

1073

......

1 Hund

1 xumd

a transition radiation tracker, all contained within a 2 Tesla®
superconducting solenoid. The charged track resolution i
Apr/pT 20% at pr 500 GeV. The tracker is sur-
rounded by an electromagnetic calorimeter using a lead-liquid
argon accordion design; the EM calorimeter covejls < 3

(with trigger coverage ofn| < 2.5) and has a resolution of
AE/E = 10%/vVE ® 0.7%. The hadronic calorimeter uses
scintillator tiles in the barrel and liquid argon in the endcaps
(jn| > 1.5); its resolution iSAE/E = 50%/VE & 3%. For-
ward calorimeters cover the regign< || < 5 with a res-
olution better tham\E/E = 100%/vE @ 10%. Surround-
ing the calorimeters is the muon system. Muon trajectories are

measureq using three stations qf precision chambers (MD-troSdetect them and measure their mass provides a set of bench-
and CSC's) in a spectrometer with bending provided by lar

: . . earks by which detectors can be judged. A specific model is
air-core toroid magnets. The resulting muon momentum re3Rquired in order to address the quantitative questions of how
lution is Apr/pr = 8% atpr = 1 TeV andApr/pr = 2% q qu d : .
at — 100GeV. Muons can be triggered on over the ran well the detector can perform. While one may not believe in
|77|p§ 2_2 ' 99 %e details of any particular model, a survey of them will enable

The CMS detector is shown in Fig. 2. The calorimetet%eneral statements to be made about the potential of the LHC

and tracking system are contained in a 4 Tesla supercond a&gl its detectors,
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Figure 3: The branching ratios of the Standard Model Higgs
boson as a function of its mass.

u
ing coil which provides the magnetic field for charged par- .
ticle tracking. The tracking system is based on silicon pix- A. Standard Model Higgs

els and silicon strip detectors. The charged track resolutiorn ine properties of the Standard Model Higgs boson are de-
is Apr/pr = 5% atpr = 1TeV andApr/pr = 1% at  termined once its mass is known; the search strategy at LHC
pr = 100GeV. CMS has chosen a precision electromagnefiCiherefore well defined. The current limit on the Higgs mass
calorimeter using lead tungstate (Pbyy@rystals, covering fom experiments at LEP [19] i8/;; > 113.5 GeV. There are

[n| < 3 (with trigger coverage ofy| < 2.6). Its resolution at geyera| relevant production mechanisms at LG — H via

low luminosity iSAE/E = 3%/VE & 0.5%. The surrounding heavy quark loopgg — WH; gg — ttH; gg — bbH and
hadronic calorimeter uses scintillator tiles in the barrel and eng: . /. i (“WW fusion”). The relative importance of these
caps; its resolution for jets (in combination with the eleCtroma%'rocesses depends upon the Higgs mass, the first dominates at
netic calorimeter) INE/E = 110%/VE & 5%. The region smail mass and the two become comparable for a Higgs mass

3 </[n| < 5is covered by forward calorimeters using parallelyt 1 Tev. The Higgs branching ratios are shown in Fig. 3.
plate chambers or quartz fibers and having a resolution of about

AE/E = 180%/v/E ®10%. Muon trajectories outside the coil
are measured in four layers of chambers (drift tubes and CSC's)
embedded in the iron return yoke. The muon momentum meaf\t masses just above the range probed by LEP, the dominant
surement using the muon chambers and the central tracker d#gcay of the Higgs boson is o, which is essentially impossi-
ers the rangen| < 2.4 with a resolutionApy/pr = 5% at ble to separate from the huge Q@bbackground. The decay

pr = 1TeV andApy /pr = 1% atpy = 100 GeV. The muon 1077 is the most promising channel in this region. The branch-
trigger extends ovel| < 2.1. ing ratio is very small, and there is a large background from the

pair production of photons viag — ~v, gg — <7, and the
. HIGGS PHYSICS bremsstrahlgng_proceag — q(— 7). Ex.celllent photon en- .
ergy resolution is required to observe this signal. Hence, this
We will use “Higgs bosons” to refer to any scalar particlegrocess is one that drives the very high quality electromagnetic
whose existence is connected to electroweak symmetry breailorimetry of both ATLAS and CMS.
ing. Generically, Higgs bosons couple most strongly to heavyCMS has a mass resolution of 540 (870) MeVmat; =
particles. Their production cross section in hadron colliders 130 GeV for low (high) luminosity [31]. The mass resolution
small compared to QCD backgrounds, resulting in final statissworse at high luminosity due to event pile up. The ATLAS
with low rates or low signal-to-background ratios. The abilitynass resolution at low (high) luminosity is 1.1 (1.3) GeV for

1. H — ~vy and associated production channels
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jet — v andjet — jet final states, that are much larger.jé& /~
rejection factor o~ 102 is needed to bring these backgrounds
below the irreducibley background. A detailed GEANT based
study of the ATLAS detector has been performed for these
backgrounds [32]. Jets were rejected by applying cuts on the
hadronic leakage, isolation and the measured width of the elec-
tromagnetic shower. These cuts result in an estimate of these
backgrounds which is a factor of four below the irreducitle
background. There are uncertainties in the rates for these “re-
ducible” backgrounds, however one can be confident that they
are smaller after cuts than the irreducibhe background.

In the CMS analysis for this process [2, 31], two isolated pho-
tons are required, one withy > 25 GeV and the other with
pr > 40 GeV. Both are required to satisfy| < 2.5 and to
have no track or additional electromagnetic energy cluster with
pr > 2.5GeV in a cone of sizeAR = 0.3 around the pho-
ton direction. The Higgs signal then appears as a peak over the
smooth background. The signal-to-background ratio is small,
but there are many events. A curve can be fitted to the smooth
background and subtracted from data. Fig. 4 shows the total
and background-subtracted distributions for a Higgs mass of
130 GeV. For an integrated luminosity afo0 fb—! it is pos-
sible to discover a Higgs using this mode if its mass is between
the lower limit set by LEP and aboutl0 GeV. A signal can
also be found over a more limited mass range for an integrated
luminosity of 10fb~!. Results of the ATLAS study are simi-
lar [32].

Another process is available at the lower end of the mass
range. If the Higgs is produced in association witi/aor t¢,
the cross section is substantially reduced, but the presence of
additional particles provide a proportionally larger reduction in
the background. Events are required to have an isolated lepton
arising from the decay of th& (or top quark). This lepton
can be used to determine the vertex position. The process is
only useful at high luminosity as, for0 fb—!, there are ap-
proximately 15 signal events for Higgs masses between 90 and
120 GeV (the falling cross-section is compensated by the in-
creased branching ratio fdf — ~+) over an approximately
equal background [35]. The process will therefore provide con-
firmation of a discovery made in they final state without an
associated lepton and measurements of the couplings.

2. H—bb

The dominant decay of a Higgs boson if its mass is below
2Myy is tobb. The signal for a Higgs boson produced in isola-

Figure 4: (a) The invariant mass distribution f pairs for tion is impossible to extract: Fhere_is no tr_igger for the process
M), = 130GeV as simulated by the CMS collaboration. (bfnd the background production bf pairs is enormous. The
Same, with a smooth background fitted and subtracted. Fr8fduction of a Higgs boson in association withaor ¢z pair

Ref. [40].

can provide a highyr lepton that can be used as a trigger. A

study was conducted by ATLAS of this very challenging chan-
nel (see Section of 19.2.4 of Ref. [35]). Events were triggered
by requiring a muon (electron) witly| < 2.5 andpr > 6(20)

My = 110 GeV. The photon acceptance and identification efsgy/

ficiency are higher in the ATLAS analysis [32], partly because The expected-tagging efficiency for ATLAS was determined
CMS rejects some of the photons that convert in the inner dg; full simulation of samples of — bb, H — uu, and i

tector.

events. The results from these samples fobttegging rate and

In addition to the background fromy final states, there arerate of fake tags from nobrjets were obtained over a range of
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Figure 5: Rejection factor for jets produced franandc quarks

and gluons at low luminosity as a function of the tagging effifigure 6: Mistagging probability for jets produced from

ciency fgrb-qgark jetsin thg ATLAS detector. Processes Sucdbarks as a function of the tagging efficiency fequark jets
asg — bb are included as mistags. From Ref. [35]. in the CMS detector with the all silicon tracker. From Ref. [34].

pr. The results can therefore be extrapolated to other cases —

e.g, b-jets in supersymmetry events — that have not been fulinately 250 events in a bin of width 30 GeV centered on the
simulated. The ATLAS detector has a pixel layer-at5 cm  reconstructedb mass peak. Fig. 7 shows the reconstrudied
from the beam. Thé-tagging efficiency is correlated with themass distributions for the summed signal and background for
rejection factor that is obtained against other jets as is shownyjy); = 120 GeV. Extraction of a signal will be possible if at all
Fig. 5. The rejection of charm jets is limited by the Ii_fetime 06n|y over a limited mass range-(80 — 120 GeV) and depends
charged hadrons and that of gluons by the productidi phirs  critically upon theb-tagging efficiency and background rejec-
in the jet itself. Note that rejection factors 100 against light tion. The signal will provide a second observation of the Higgs
quark jets can be obtained forbatagging efficiency of 60%. boson in this mass range and also provide valuable information
Theb-tagging efficiency for CMS has similarly been determinegh the Higgs couplings.
from full simulation and is shown in Figure 6. As in the case of A similar analysis has been performed by CMS [36]. Events
ATLAS the pixel layers at radii of 4, 7, and 11 cm are used fQjere required to have an isolatecbr p with p; > 10GeV,
the tagging. Thesé-tagging efficiencies are not significantlysix jets with p; > 20GeV, four of which are tagged ass.
different from those already obtained by CDF [33]. A K-factor of 1.5 is included for the signal only. A likelihood
The ATLAS study of H — bb uses the tagging efficienciesanalysis gave the results shown in Fig. 8 with3 = 0.73. The
from the full simulation study. Both theH and W H final extraction of theZH Yukawa coupling from this signal was also
states were studied but the former is more powerful, so it is tegidied.
only one discussed here. Jets were retained if theyphad 15
GeV. This threshold was raised to 30 GeV for simulations at
a luminosity of103* cm=2 sec™!. In order to reduce the back-
ground a veto was applied to reject events with a second isolatedihe search for the Standard Model Higgs relies on the four-
leptonpr > 6 GeV and|n| < 2.5 and a total of 4 taggebijets lepton channel over a broad mass range from ~ 130 GeV
was required. Reconstruction of both top quarks using a kife-mg ~ 800 GeV. Below2m, the event rate is small and
matic fit is essential to reduce the combinatobtabackground. the background reduction more difficult, as one or both of the
For a luminosity ofl00 fb—1, there are 107 and 62 signal eventg-bosons are off-shell. In this mass region the Higgs width is
for Higgs masses of 100 and 120 GeV. The reconstrubtedsmall (S 1GeV) and so lepton energy or momentum resolu-
mass distribution is approximately Gaussian with\/ ~ 0.2; tion is of great importance in determining the significance of a
it has a tail on the low side caused mainly by gluon radiatigtignal [37].
off the final stateh quarks and losses due to decays. The backFormy < 2my, the main backgrounds arise froth) Zbb
ground arising front¢j; events is the most important; approxand continuumZ Z* /Z~* production. Of these, th& back-
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Figure 9: Top: Reconstructed four-lepton mass in CMS for
H — 44 for various masses and sum of all backgrounds
with 100 fb~!. Bottom: Reconstructed four-electron mass for
mpy = 130 GeV, showing the radiative tail predicted by full
simulation. From Ref. [41].

ground can be reduced by lepton isolation and by lepton pair
invariant mass cuts. Th&bb background cannot be reduced
by a lepton pair invariant mass cut but can be suppressed by
isolation requirements and impact parameter cuts. Zhe
process is an irreducible background. Both CMS and ATLAS
studied the process fony = 130, 150 and 170 GeV. Signal
events were obtained from bojly — H andWW/Z Z fusion
processes, giving consistent cross sections3 ~ 3, 5.5 and
1.4 fb respectively (nd(-factors being included).

In the CMS study [2, 38] event pileup appropriate o=
1034 cm~2s~! was modeled by superimposing 15 minimum
bias events (simulated by QCD dijets withh > 5GeV). The

jet pairs showing afH signal with a Higgs-boson mass ofmuon resolution was obtained from a full simulation of the de-
115 GeV above the background, for an integrated IuminosFSFtor response and track-fitting procedure. This was then pa-

of 30 fb—!. From Ref. [36].

rameterized as a function pf- andn. Internal bremsstrahlung
was generated using the PHOTOS program and leads to about
8% of reconstructed — p*u~ pairs falling outside any +



20, window for my = 150 GeV. The reconstructegt i~ go-oe

mass has a resolutier; = 1.8 GeV in the Gaussian part of the ‘& -—— Signal
peak. The electron response was obtained from a full GEANT2 | --- WW background
simulation of the calorimeter, including the effects of material = | tt background

in the beampipe and the tracker, and the reconstruction of eleg= -~~~ Witbockground |

tron energy in the crystal calorimeter. Including internal and'_é 0.04

external bremsstrahlung, and using & 7 crystal matrix tore- <

construct the electron, the mass resolutign= 2.5 GeV and

the reconstruction efficiency is about 70% (withiry, + 20 ).
Events were selected which had one electron with >

20 GeV, one withpr > 15GeV and the remaining two with

pr > 10GeV, all within || < 2.5. For muons, the momenta

were required to exceed 20, 10 and 5 GeV withjh < 2.4.

One of theeTe™ or puTp~ pairs was required to be within

+20 of the Z mass. This cut loses that fraction of the sig-

nal where bothZ’s are off-shell, about a 24% inefficiency at

my = 130GeV and 12% ainy = 170 GeV. The two softer 0 L

leptons were also required to satisfy, > 12 GeV. Additional 0 1 2 3

rejection is obtained by requiring that any three of the four lep- A¢ (rad)

tons be isolated in the tracker, demanding that there is no track

with p7 > 2.5 GeV within the conelz < 0.2 around the lep- Figure 10: Difference in azimuth between the two leptons for

ton. This requirement is not very sensitive to pileup as thg — Wiw* — (uvlv signal events withny = 170 GeV and

2.5GeV threshold is quite high. This yields signals at the levedr the W W*, ¢Z and Wt background events. All distributions
of 7.4, 15.2 and 5.0 standard deviations fiof; = 130, 150, are normalized to unity.From Ref. [35].

and 170 GeV ir00 fb~!. The four-lepton mass distributions
are shown in Fig. 9 which also shows the final state. The

latter clearly shows the effect of bremsstrahlung. of 10.3 (7.0), 22.6 (15.5) and 6.5 (4.3) standard deviations for
The ATLAS [35] study followed a similar technique. The,, , — 130, 150, and 170 GeV in00 b1 (30 fb—1).

detector resolutions and reconstruction efficiencies were ob-

tained using detailed detector simulations, including the effects 4. H—-SWW® o5
of pileup. Events were selected which had two leptons with
pr > 20GeV, and the remaining two withr > 7GeV, all
within |n| < 2.5. One of theeTe™ or u+u~ pairs was require
to be within +m,,,GeV of theZ mass. The two softer lep- ) ()
tons were also required to satisfy,, > mas. mi2 andmay tv+vo-k1()_(jy WW decay dominates, sBR(H — WW —
are varied as a function of the Higgs mass:for — 130 Gev, ¢ ¢ v)/BR(H — 4£) ~ 100.

mis = 10 GeV andms, = 30 GeV. For the four-electron mode, For the ¢Tv¢~7 final state, the Higgs mass cannot be re-
the Higgs mass resolutionsat;; = 130 GeVis 1.8 (1.5) GeV at constructed, so the signal must be observed from an excess of

high (low) luminosity, including the effect of electronic noise ifevents. The dominant background arises from the production of

the calorimeter. For muons, the corresponding figure is 1.4 G& Pairs after cuts to remove the background. The ATLAS
after correcting for muon energy losses in the calorimeter aftg2!ysis [35] requires:

combining the muon momentum measured in the muon systen} 1.0 isolated opposite sign leptons with| < 2.5 and
with that obtained from the central tracker after the tracks have pr > 20,10 GeV. In addition the pair must satisfy, <

been matched. 80 GeV, Ay < 1, andAng < 1.5.

ATLAS used a combination of calorimeter isolation and im-
pact parameter cuts to reject background frab and tt ¢ No jets withpr > 15 GeV and|n| < 3.1.
events. The isolation criterion is that the transverse energy
within B = 0.2 of the lepton be less thaBs* or that there  * £1 > 40GeV.
are no additional reconstructed tracks above a threshold in thg A sy .. transverse mass between; — 30 GeV andm ;.
cone. The rejections obtained by these methods are correlated.
Values of E$%t of 3, 5, and 7 GeV were used fdy, eepir and At luminosity of 1034 cm=2 sec?!, the jet veto is raised to
4e modes atl033 (1034) luminosity to obtain a constant signal30 GeV. After these cuts the signal to background ratio is
efficiency of 85% (50%). Tighter cuts can be used for muorgproximately 2:1 and there are 340 signal eventsrigr =
because they do not suffer from transverse leakage of the ER) GeV for 30fb~!. The signal can be clearly established by
shower. The impact parameter, as measured in the pixel l&oking at the distribution in the azimuthal separation of the lep-
ers, is used to further reduce the background from heavy flatons (A¢). As is shown in Fig. 10, this is peaked at small (large)
processest{ and Zbb) [35]. ATLAS obtain signals at the level values ofA¢ for the signal (background).

0.02

The decayd — WW®) — ¢+~ can provide valu-
g able information in the mass region around 170 GeV where the
branching ratioH — 4/ is reduced [42]. For this mass the
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Figure 11: Dependence of the lepton kinematics forihe-
WW — ¢+ve~ v signal on the Higgs mass. From Ref. [44]. 6. My ~1TeVH — v, 0055, (vjj)

As the Higgs mass is increased further, its width increases
and its production rate falls, so one must turn to decay chan-

Is that have a larger branching ratio. The first of these is
— ZZ — Uvp. Here the signal involves & decaying

Some information on the Higgs mass can be obtained fr
the lepton kinematics. This is shown in Fig. 11 from a CM

nal appears as a Jacobian peak in the mis&iagspectrum.
There are more potentially important sources of background in

. N this channel than in the¢ final state. In addition to the ir-
As the Higgs mass falls significantly belowb0 GeV the ! I I " !

o . educible background fronx Z final states, one has to worry
event rate becomes small. The observability of the signal (LedoutZ + jets events where the missinij;: arises from neu-

pends d cr_t;;:]!allt))/ OE the ?jb'“ti/. to t_correctlyb preﬁ'CtktZebbaCerinos in the jets or from cracks and other detector effects that
ground. 'thlsthécZ ?_roulnt fs |m(;;1t|)on can be ¢ fhcé;/ Y Col%use jet energies to be mismeasured. At high luminosity the
parison wi inal state and by measuring v Sys- background from the pile up of minimum bias events produces
tem away from the signal region. A 5% systematic error qQ

:PET spectrum that falls very rapidly and is small % £ 100
the background can be expected; thefvaobservation can be - ;
) ' GeV, provided the calorimeter extends 5. ATLAS con-
made in the range30GeV < mpy < 190 GeV for 30fb~! of b 40 <

. Lo ducted [45] a full GEANT based study of this background for
integrated luminosity [35], which 5000 high transverse momentu-+ jet events were
fully simulated. The events were selected so that a large frac-
5. H—ZZ -4 tion of them had jets going into the regiom® < |n| < 1.3
The H — ZZ — 44 channel is sensitive over a wide rangavhere ATLAS has weaker jet energy resolution due to the crack
of Higgs masses frorBm; upwards: to about 400 GeV with between the endcap and barrel hadron calorimeters. The domi-
10fb—! and to about 600 GeV with00 fb—!. For lower Higgs nant part of theZ + jets background that remains is that where
masses, the width is quite small and precision lepton enetiy missingtr arises from the semi-leptonic decay$dajuarks
and momentum measurements are helpful; for larger massesditthigae jets. The contribution from detector effects is not domi-
natural Higgs width becomes large. The main backgroundnant.
continuumZ Z production. Fig. 13 shows the missing; spectrum at high luminosity
CMS [2, 38] studied the process fat; = 300, 500 and (100fb~—!). On this plot theZ 4+ jets background is estimated
600 GeV. The electron and muon resolutions and the selectfomm a parton level simulation; there were insufficient statis-
cuts were the same as used for th&* channel. TwoeTe™ tics in the full study to obtain this spectrum. This estimate cor-
or uTp~ pairs with a mass withink6 GeV of m; were re- rectly models the contribution fromdecays that the full study
quired. No isolation cut was imposed as the remaining badhowed to be dominant. The reconstrucied— ¢/ was re-
grounds are small. The resulting 4-lepton invariant mass degtired to havepr(Z) > 250 GeV; this causes the Z back-
tributions are shown in Fig. 12. With00fb~! a signal in ex- ground to peak. (This effect is less pronounced if a cut is made
cess of six standard deviations is visible over the entire range X and then the plot is remade wiph-(Z) on the abscissa.)

in comparison with the expectation for massed@if GeV and
180 GeV.
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Figure 13: MissingEr spectrum for theH — ZZ — vo
process. The background contributions are shown separatgiyre 14: For an integrated luminosity of 36-! and for
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The dominantZ Z background has QCD corrections of order

40% [46]. Once data are available, this background will bggple ' I — WIW — ¢vjj signals and backgrounds, for
measured. It signal to background ratio can be improved sig;, — 1 TeV, before and after cuts in the forward region (see
nificantly by requiring one or two forward jets at the cost of gxt). The rates are computed for an integrated luminosity of
smaller acceptance [35]. 30fb~! and a lepton efficiency of 90%. Only thg — Hgqq

The CMS analysis of this process [2, 47] uses a central @ntribution to the signal is included. Table from ATLAS sim-
veto, requiring that there be no jets witly > 150 GeV within  ulation.
[n] < 2.4. By requiring a jet in the far forward region (see

below), most of the remaining Z background can be rejected. Process Central|  Jet| Double
A study by CMS requiring a jet witi? > 1TeV and2.4 < cuts| veto tag
|n| < 4.7, produces an improvement of approximately a factor H—WW 222 | 143 73
of three in the signal to background ratio at the cost of some tt 38300 | 2800 85
signal. This mode is only effective for high mass Higgs bosons W + jets 15700 | 6900 62

and becomes powerful only at high luminosity. Nevertheless it
will provide an unambiguous signal.

Substantially larger event samples are available if the decay
modesH — WW — (v + jetsandH — ZZ — 00 + jets for W's produced in the decay af TeV Higgs bosons. The
can be exploited efficiently. In order to do this one has to redugt@ss resolution improves to 5 GeV at low luminosity where
the enormousV’ + jets andZ + jets backgrounds by kinematic Pile up is unimportant. The dijet system is then required to
cuts. Henceforth the discussion will be for tHélV final state; have a mass withizo of the nominalW’ mass. In addition
the ZZ state is similar. The first step is to reconstruct thie the events are required to have a lepton with> 50 GeV and
decay to jets. Full and fast simulations of the ATLAS detedér > 50 GeV. These cuts applied to th&' (— fv) + jets sam-
tor were used and are in good agreement [35]. At large valudg Withpr (W) > 200 GeV reduce the rate for this process by
of my the jets from thé¥ decay tend to overlap and severa factor of 600 and brings it to a level approximately equal to
methods were used to reconstruct flie In one method, jets that fromit production;tt — Wb IWb.
were found using a cone of sizeR = 0.2 and Ep > 50 GeV. After these cuts, the backgrounds frai + jets andtt are
The invariant mass of the di-jet system was then computed &yl larger than the signal frold — W and topological cuts
adding the four-momenta of the calorimeter cells assuming tlzeie required. The proceggs — H qq produces the Higgs boson
each cell is massless. The di-jet system is required to hameassociation with jets at large rapidity. These jets can be used
Er > 150 GeV This algorithm reconstructd/ — jets with as a tag to reject background. This forward jet tag will cause
an efficiency of about 60% andl& mass resolution of 6.9 GeV some loss of signal since tlig — H process lacks these for-
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ward jets. Hence it is only effective for high mass Higgs bosons." O H, WH, ttH (H = »y)

where thegg — Hqq process is a significant part of the cross A WH, ttH (H = bb)

section. Since the Higgs is produced by color singjlebosons, g - g\:ﬂll Zanznzgs% 4l

the central region in rapidity should have less jet activity in it for ® All channels (scale known to 0,02 %)
Higgs events than for the background, particularly for that from

tt. At low luminosity, requiring that the events have no addi-
tional jets (apart from the ones that make up the W candidate) a2
with Er > 20 GeV and|n| < 2 loses approximately 35% of 10
the signal and reduces the background fidmt jets (tf) by a

factor of 2.5 (12).

Forward jet tagging was investigated in ATLAS as follows.
Clusters of energy of sizAR = 0.5 were found in the region 10
2 < |n| < 5. Events from the pile up of minimum bias events
have jets in these regions so the thresholdeof the jet must
be set high enough so that these jets do not generate tags in L

—_

the background. If the individual calorimeter cells are required 10 4

to have Er > 3 GeV, then there is there is a 4.6% (0.07%) B

probability that the pile up at high luminosity will contribute a ‘ B

single (double) tag to an event that would otherwise not have 10 10
one for tagging jets with; > 15 GeV andE > 600 GeV. my, (GeV)

The requirement of a double tag is then applied to the signal

from a Higgs boson of mass 1 TeV and the various backgrounbfigure 15: Expected ultimate errors on the Higgs mass in AT-
The pile up contributions are included and the event rates fotAS. From Ref. [35].

luminosity of 30 fb—! shown in table I. The effect of a change

in the tagging criteria can be seen in Fig. 14 which shows the

variation of the shape in the background. Th# final state is cross sections as discussed above can be used to determine the

cleaner as there is o background but the event rates are muclglroduct of theH gg and theH~~ or HZ Z couplings. TheH gg

Srlaggr.arate study was performed by the CMS group [2 4sc]oupling in turn is related to théf one.
P udy was p y group 12, #Sl\1ore information can be obtained by making use of &l

Here two tagging jets withn| > 2.4, Er > 10 GeV and . o o
E > 400 GeV are required. Two central jets are required WitWSlon process. About 10% of the total cross section in this mass

in invariant mass within 15 GeV of the&/ or Z mass. For '&'J¢ cOmes fromg — gqHf via the exchange of two virtual

the ZZ case, theZ is reconstructed from or . pairs with 7 POSONS: q

invariant mass within 10 GeV of the Z mass; each lepton has q W

pr > 50GeV and the pair hagr > 150 GeV. For theWW W/

case, at least 150 GeV of missihf- is needed and the charged

lepton from thelV haspr > 150 GeV. q
It can be seen from Table | that it will be possible to extract q

a signal although there are large uncertainties on the estimafe@ probability that a virtualV’ is radiated carrying a fraction

background. However, other kinematic quantities may be use@f the momentum of the incoming quark behaves tikg

to further discriminate between the signal_and the backgrourg smallz, so the outgoing quarks typically have large momen-

The ZZ final state is cleaner as there is ttobackground but tum. Thus, théV W fusion process can be identified by requir-

——-H
w

the event rates are much smaller. ing high-energy jets withr ~ My in the forward calorimeters
. _ and no additional QCD radiation in the central region. These re-
7. Measurements of Higgs properties quirements greatly reduce the QCD backgrounds. Exploitation

A Standard Model Higgs should have a mass between abgfithis process requires a detailed understanding of the forward
113.5 GeV and212 GeV [20]. Over this mass range the branchi€t tagging. Complete simulations of these have not yet been
ing ratios and other properties of the Higgs vary rapidly, bGempleted.
they are precisely predicted in terms of the mass. In+the The estimated statistical errors on the cross sections for a
and four-lepton channels, the mass resolution is typically 1%ymber of Higgs production and decay channels are shown in
and the energy scale can be calibrated to better than 0.1% usiitgg 16. These have been calculated by applying selection cri-
Z — eeandZ — puu events. Fig. 15 shows that the mass caeria developed for various Higgs searches separately for AT-
be measured te- 0.1% for all favored masses [35]. LAS and CMS, calculating the errolds/oc = /S + B/S,

Higgs branching ratios cannot be determined directly at thed combining the results [49]. TR&W — H — 77 chan-
LHC, but it is possible to infer combinations of couplings fronmel is reconstructed using the fact th&tiV fusion provides a
measured rates. The dominant Higgs production moge is> transverse boost to the Higgs, so that one can projecEthe /
H, so measurements of the inclusitle— ~~y andH — ZZ* along the two measureddirections and reconstruct the mass,
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% ‘ ‘ tag at low mass, anél + jets and// + jets at high mass. The
i ey — al A failure to find a Higgs boson over this range would therefore en-
q0k N oo WW able the Standard Model to be ruled out. The Higgs sector then
"Tv v | either consists of non-standard Higgs bosons or the electroweak
_ ATT symmetry breaking occurs via some strongly coupled process
%\:/ r Y WWepvy N that will manifest itself in the study ofV’1W scattering. The
3 1 next subsection is devoted to an example of the former type.
< |

/\/\ ¢ ] B. SUSY Higgs
.

>—" As stated above the minimal supersymmetry model (MSSM)
—v 1 has three neutral and one charged Higgs bosdnsH, A
T Emm— o >0 and H*. These arise because supersymmetric models, unlike
M. (GeV) the Standard Model, need different Higgs bosons to generate
H masses for the up and down type quarks. In the Standard Model
. ] o _one parameter, the Higgs mass, is sufficient to fully fix its prop-
Figure 16: Estimated statistical errors on the cross sectides. In the MSSM, two parameters are needed. These can be
for inclusive Higgs production and production ViV’ fusion  {aken to be the mass dfand the ratiotan 3) of the vacuum ex-
with decays into various modes fa00 fb~! (30fb~" for the pectation values of the Higgs fields that couple to up-type and
¥~ v mode). Based on Ref. [49]. down-type quarks. ltan 3 is O(1), then coupling of the top
guark to Higgs bosons\f) is much larger than that of bottom
quarks @) as is the case in the Standard Model.
as discussed in connection with the search4or- 77 below. None of these H|ggs bosons has been observed, so we need
Note that for each Higgs mass there are several channels H#isider only the regions of parameter space not yet excluded.
can be measured with statistical errors between 5% and 20°/g\t tree level the masses &f and H are given in terms of the
It is of course necessary to correct these measurementspyf@fss ofA andtan 3. The charged Higgs bosaH* is heav-
acceptance. For a process ligg — H — yyorgg — H — jerthanA (M%. ~ M?% + M2,). The H is heavier than thel,
£re~ e thisis relatively straightforward. The signal is a narwhile the A and H are almost degenerate at large values/of,
row bump on a smooth background, and the losses from gq®re mass of the lightest bosdn,increases with the mass df
metrical aCCEptance, isolation cuts, etc., are rE|atiV6|y small % reaches a p|ateau fdr heavier than about 200 GeV. The
understood. The acceptance and background corrections forgbgial values depend on the masses of the other particles in the
forward jet tags needed to sel@&tlV fusion are more difficult theory particularly the top quark [50]. There is also a depen-
to estimate. Ultimately it will be necessary to vary the cuts arfénce (via radiative corrections) on the unknown masses and
compare the results with both Monte Carlo event generators gfiler parameters of the other supersymmetric particles. This
matrix element calculations. TH&W — H — 77 channel dependence is small if these particles are heavy, so it is conven-
also has difficult corrections related to thadentification and tjonal to assume that this is the case.
measurement. After the corrected cross sections are obtainef, the limit of largeA mass, the couplings of the Higgs bosons
they must be compared with perturbative QCD calculations gfe easy to describe. The couplingshobecome like those of
the cross sections to determine the relevant combination of cy Standard Model Higgs boson. The couplingsdoind I
plings. These calculations are known to NLO in all cases aggl charge 1/3 quarks and leptons are enhanced at targé
have recently been calculated to NNLO for e — H pro- relative to those of a Standard Model Higgs boson of the same
cesses. mass. Howeverd does not couple to gauge boson pairs at low-
Studies of this program of measurements are actively undggt order and the coupling @1 to them is suppressed at large
way in both ATLAS and CMS. Reliable estimates of the exx, 5 and largeM 4. The decay modes used above in the case
pected errors are not yet available, but it seems plausible tgffhe Standard Model Higgs boson can also be exploited in the
measurements for several channels will be possible with err@figsy Higgs caseh can be searched for in the final statg,
in the 10%-20% range. This will provide a significant amougis the branching ratio approaches that for the Standard Model

of information on the couplings of the Higgs. Higgs in the largeMl 4 (decoupling) limit.
] The decayd — v+ can also be exploited. This has the advan-
8. Summary of Standard Model Higgs tage that, becausé — ZZ andA — WW do not occur, the

The LHC at full luminosity will be able to probe thentire branching ratio is large enough for the signal to be usable for
range of Higgs massdmm the lower limit set by LEP up to the values ofM 4 less tharRm, [51]. The decayd — ZZ* can be
value where it is no longer sensible to speak of an elementa&pploited, but at large values 81 the decayd — ZZ, which
Higgs boson. The search mainly relies only on final states tiiovides a very clear signal for the Standard Model Higgs, is
one is confident will be effectivey, 4¢ and2/vv. Additional useless owing to its very small branching ratio, The channel
final states that afford an excellent chance of having a sigréh — ttbb can also be exploited.
will be exploited to support theséb with an associated lepton In addition to these decay channels, several other possibilities
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(00 B 1. HA—r1r
- m(A)=150 GeV In the MSSM, theH — 777~ andA — 777~ rates are
280 Back- strongly enhanced over the Standard Modelaifi 5 is large,
8 - ground resulting in the possibility of observation over a large region
< 60 - of parameter space. The 7~ signature can be searched for
o either in a lepton-hadron final state, or an+ 1 final state. As
§ 40 - there are always neutrinos to contend with, mass reconstruction
o r o Lo .
oo m(A)=300 GeV is d_lfflcu_lt, and Hr res_olupon is critical. In ATLAS, at high
- m(A)=450 GeV luminosity this resolution is
0 L rFn i T sl !
0 100 200 300 400 500 600 o(Ery) = o(Er,) = 0.46\/Y  Er

Mz (GeV) where all energies are measured in GeV. Irreducible back-

grounds arise from Drell-Yan tau pair productishandbb de-
Figure 17: Reconstructedr invariant mass after projectingcays torr. Both CMS [52] and ATLAS [53] have studied
measuredr+ along the observed directions. ATLAS from final states using full simulation.
Ref. [54]. For the leptor-hadron final state, there are additional re-
ducible backgrounds from events with one hard lepton plus a
jet that is misidentified as a tau. In the CMS and ATLAS
studies, events were required to have one isolated lepton with
pr > 15 — 40 GeV depending om 4 (CMS) orpr > 24 GeV
(ATLAS) within |n| < 2.0(2.4) and one tau-jet candidate within
In| < 2.0(2.5).
ATLAS required that the tau jet havgér > 40 GeV, that the
8 radius of the jet computed only from the EM cells be less than
0.07; that less than 10% of its transverse energy be between
6 R = 0.1 andR = 0.2 of its axis; and again, that exactly one
I charged track wittpr > 2 GeV point to the cluster. The CMS
and ATLAS selections are about 40%(26%) efficient for taus,
while accepting onlyt /100 (1/400) of ordinary light quark and
I gluon jets.
2+ L, CMS vetoed events having other jets willy > 25 GeV
e el within || < 2.4 (this reduces thet background); while AT-
oL R IO i e e R s == LAS used cuts otiof, the transverse mass formed from the lep-
200 400 600 800 1000 ton andFy, and the azimuthal angle between the lepton and the
MW (GeV) tau-jet. The mass of the Higgs may be reconstructed by assum-
ing the neutrino directions to be parallel to those of the lepton
Figure 18: Reconstructedr invariant mass forMy = and the tau-jet. Resolutions of 12 and 14 GeV (Gaussian part)

500GeV andtan 3 = 25 from a CMS simulation. Ref. [55]. &€ obtained by ATLAS and CMS fon, = 100 GeV. The
reconstructed Higgs peaks as simulated by ATLAS for several

masses are shown in Fig. 17; a CMS simulation is shown in
Fig. 18.
Both ATLAS and CMS find the sensitivity in the+ p final

) state to be less than for the leptelmadron final state, owing to
open up due to the larger number of Higgs bosons and possilysmaller rate and less favorable decay kinematics.

enhanced branching ratios. The most important of these are thﬁaking the lepton-hadron and: + » modes together, for the
decays ofHf andA to 77~ andu*p~, H — hh, A — Zh  qym of H and A decays, both ATLAS and CMS find that the
andA — tt. large region of parameter space correspondingiio? 2 6 at
= 125 GeVrising totan 8 2 30 atm 4 = 500 GeV may be

Events / 30 GeV / 30 fb

It is important to remark that the effect of supersymmetric'4 _ ; Z
particles is ignored in this section. That is, the possible dec luded at the@pqnﬂdence level witts0 fb™". ATLAS also
of Higgs bosons to supersymmetric particles are not conside S some §enS|t|V|ty tmn_ﬁ S _2_ for 125; m4 < 350 GeV
and supersymmetric particles have been assumed to be hed¥i¥erY high integrated luminositie3(0 fb™").
than 1 TeV, so that their effects on branching ratios and pro-
duction rates via radiative corrections are ignored. Some effects 2. H/A— pp
of these decays have been studied [35]; the section below omhe branching ratio foff (or A) to ™+~ is smaller than that
supersymmetry discusses the case where Higgs bosons catobe r— by a factor of(m,, /m.)?. The better resolution avail-
produced in the decays of supersymmetric particles. able in this channel compensates to some extent for this and the
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30 F Gluon fusion gg — A) via top and bottom quark triangle
loop diagrams is the dominant production processifs < 4;
while for largetan 3 (2 7) b-quark fusion dominates. For
tan 8 ~ 1 and 170 GeV< m,4 < 2m; the branching frac-
tion of A — ~v is between5 x 10~* and2 x 1073, The
backgrounds considered are QCD photon production, both the
irreducible two-photon backgroundgj(— vy andgg — ~7)

and the reducible backgrounds with one real photgn-¢ g+,

q9 — qv, andgg — gv). In the ATLAS study [35], both pho-
tons were required to havg| < 2.5, one withPr > 125 GeV

and the other withhr > 25 GeV. Both photons are required to
be isolated. The signal is effective at small valueszof 3 for

2m; < My < 200 GeV.

N
o

~ 34 signal events

0 100 200 300 400 500 4. Search for Charged Higgs

MT(pT,vis' pT,miss) (GeV) In extensions of the Standard Model with charged Higgs

bosonsH™*, such as in the MSSM, the decay— bH* may
Figure 19: The transverse mass distribution of signal and bagkmpete with the standard— b1V * if kinematically allowed.
grounds for a charged Higgs search usiighb—'. The cou- The H* decays torv or ¢s depending on the value ofin j.
plings are determined in the MSSM wifii;;+ = 409GeV and Over most of the rangé < tan3 < 50, the decay mode
tan 3 = 40. From Ref. [56]. H* — 7v dominates. The signal faH* production is thus
an excess of taus producedttrevents.
Both ATLAS [92] and CMS [93] have investigated the sensi-

. . tivity to this excess. Top events with at least one isolated high-
p*p~ mode can be useful for large valuestefi 5. Asignal of , jepton are selected, and the number having an additional tau
less statistical significance than that in ther — could be used compared with the number having an additionar 4. Both
to confirm the discovery and make a more precise measuremgQiljies used-tagging to reduce the backgrounds to top produc-
of the mass and production cross section. The ATLAS analys Taus were identified in a way very similar to that described
sis [35] requires two isolated muons with > 20 GeV and  gqyfier (in the section oA, Hf — 77 searches). The uncertainty
In| < 2.5. The background fromi events is rejected by re- the tau excess is estimated to-68%, dominated by system-
quiring E < 20(40) GeV at low (high) luminosity. A jet veto atics. For an integrated luminosity o fb~!, both ATLAS and
could be employed to reduce this background further, but thisdf;s conclude that over most of then 3 range, a signal can
ineffective at reducing the remaining dominant background fgg gpserved at thes level formpy+ < 130 GeV, which corre-
wt p~ pairs from the Drell-Yan process. A cut on the transver onds to the regiom 4 < 120 GeV in them 4, tan 3 plane.
momentum of the muon pair, requiring it to be less than 100yt 5 charged Higgs boson has larger mass than the top then it
GeV, reduces thet background further. The remaining backzannot be produced in the decay of a top quark. In this case the
ground is very large withirt15 GeV of the Z mass. Above this ;q|evant production mechanism is thie— H~—t [56, 57]. The
region the signal appears as a narrow peak inithe™ mass gignal can be searched for via the de¢ay — rv. The tau is
spectrum. In this region the signal will be statistically signifisearched for via its hadronic decay which gives rise to isolated
cant iftan /7 is large enough but it appears as a shoulder on @56 hadrons (either or k). This track is required to have
e_dge of a steeply fal_ling distribution which may make it MOrg . ~ 100 GeV. Events are then required to have a single tagged
difficult to extract a signal. b-jet and two other jets whose masses are consistent with the

The significance of the signal in this channel is determinel®#cayt — Wb — qqb and Hy > 100 GeV. Events with two
by the u*u~ mass resolution and the intrinsic width of théaggedb-jets are vetoed. A transverse mass is then formed be-
Higgs resonance. The mass resolution in ATLAS is approxiween the reconstructed single hadron andihe The distri-
mately0.02m 4 and is0.013m 4 in CMS [58]. At largetan 3, bution of this transverse mass is shown in Fig. 19 for a charged
the masses ofl and H are almost degenerate and they cannbliggs mass of 500 GeV. The Standard Model background is
be resolved from each other. The natural widthdo propor- small. Note that the peak is below the mass of the charged
tional to tan? 3 and is approximately 3 GeV fomn 3 = 30 Higgs. This is due to the partial cancellation of missifig
and M, = 150 GeV. The mode will provide &c signal for a from the two neutrinos in the decay chdifi- — 7v — wvv.
region in theM 4 — tan 3 plane covering/4 > 110 GeV and
tan 3 > 15 for an integrated luminosity af0® fb—* . 5. Other possible Higgs signatures

Events/ 20 GeV / 30 f5*
[
o

Observation of the channél — hh would be particularly

1The CMS event rates appear larger than the ATLAS ones. CMS added itﬂE?rGSting_aS information abput two diﬁeren_t Higgs bosons an_d
A andH rates whereas the ATLAS numbers correspond todtaone. their coupling could be obtained. The dominant decay here is
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60 T

x x x x x events. The rate fatt production is well predicted by perturba-
tive QCD, so it may well be possible to establish an event excess
but extraction of a mass fot will be very difficult as there is
no observable mass peak. The mode is most likely to be useful
as confirmation of a signal seen elsewhere.
— The decayd — Zh offers another channel where two Higgs
bosons might be observed simultaneously. The leptonic decay
of the Z can be used as a trigger. The CMS study requires a
M pair of electrons (muons) withy > 20 (5) GeV which have
CMS an invariant mass within 6 GeV of th8 mass and a pair of
_ jets withpr > 40 GeV. One or twa-tags are required with an
assumed efficiency of 40% and a rejection of 50 against light
quark jets. The background is dominated #yevents. The
signal to background ratio is quite good for moderafg and
small tan 3, but this region is excluded in the MSSM by the

IS
o
I

gg — h —yy, 100 fo!

A'H - 11,30 fo!
10 ~ = lepton + hadron _

Excluqed bylLE ; : ———

1 1 1 1 1 LEP Higgs limits.
0 200 400 600 800 1000 The positive conclusion of this study is confirmed in [35]
m, (GeV) where several values @ff 4 andm,;, were simulated and it was
concluded that & signal is observable for an integrated lumi-
Figure 20:5 discovery contours for the various processes usB@sity of30 fb~* for tan § < 2 and150 < M4 < 350. This
to search for Higgs bosons in the MSSM. This plot assumes ${¢dy included the background frobb events which domi-
stop mixing, maximizing the reach of LEP. From Ref. [59]. hate over thet background at smaller values ofy.

6. Summary of Supersymmetric Higgs

to the final statébbbb. However it is not clear how this mode, One is _confident that the foI]owing modes will be Effective
could be triggered efficiently. If a trigger could be constructé s;archlng ff” ;?i MSSM I}|{|ggs l?;gnsk/ilé ; T

— perhaps using soft muons in jets — then the process is se- ;h H 1241;5 I - }:}ZL/ b5—> g - it AN
sitive for tan 3 < 3 and250 < M4 < 2m,. The channel 2 — — £00, H = hh — bbyy andi — (— )

H — hh — bbr 7~ can be triggered and is being studied. Thgmscussed n th? section on the top qgark). Ir_1 e}ddlthn, the
LEP Higgs limits exclude most of the accessible region in tﬁQOdeSA/H — ttandh — bb produced in association with a

MSSM, but these channels might be observable in more gené%lOr tt may prpy|de valugble |nf0rmat|on. The former get of
models modes are sufficient for either experimenetaludethe entire

. tan 8 — M4 plane at 95% confidence witl0 fb~1.
The decay channdl — hh — ~bb is triggerable and was Ensuring a50 discovery over the entirean 3 — M, plane

studied [35]. Events were required to have a pair of isolatgg, ires more luminosity. Figs. 20 and 21 show what can be
photons withjn| < 2.5 andpr > 20 va and t\,NO Jgts with achieved. The entire plane is covered using the modes where
pr > 15(30) GeV andjy| < 2.5 at low (high) luminosity. One oo has great confidence. Over a significant fraction of the pa-
of the jets was required to be tagged asiet. No other jets with 1 eter space at least two distinct modes will be visible. Over

Pr > 30 GeV were qllowed in the fegi,o\"ﬂ =< 2.5. T.he.domi- a significant fraction of the phase space beyond the LEP limit,
nant background arises frofny production in association with h — vy, HY — 7v, and H/A — 1 (H/A — pg) wil

light quark jets and is approximately 10 times larger than the, a5 red. The decay of other supersymmetric particles will
77bb background. Eventrates are very low, iy ~ 250 GeV' 1, ide additional sources &f Over a significant fraction of

anfjlmh = 100 GeV there are about 15 signal events for 208 )5y parameter space, there is a substantial branching fraction
fb™ of integrated Iummosni/.l However the very small backg,, sparticles to decay th. The rate is then such that decay
ground (-~ 2 events for200fb™) and the sharp peak inthey 47 hecomes clearly observable above background and this

mass distribution should provide convincing evidence of a Sigﬁannel is the one wheteis observed first at LHC (see below).
nal.

For large masses, thtand H decay almost exclusively ta.
The background in this channel arises from Q& Pproduction. V. SUPERSYMMETRY
While this background is very large, a statistically significant If SUSY is relevant to electroweak symmetry breaking, then
signal can be extracted provided that the background can be ta¢ arguments summarized above suggest that the gluino and
ibrated [35]. The signal is searched for in the final st&t8’bb  squark masses are less thi@fi TeV), although squarks might
where one W decays leptonically. For an integrated lumindse heavier. As many supersymmetric particles can be produced
ity of 30fb—! there are about 2000 events faf, ~ 400 GeV simultaneously at the LHC, a model that has a consistent set
after cuts requiring an isolated lepton (which provides the trigf masses and branching ratios must be used for simulation.
ger) and a pair of taggedquark jets. Theét mass resolution is Analysis of the simulated events is performed without refer-
of order 15 GeV resulting in approximately 40000 backgrourahce to the underlying model. The SUGRA model [60] assumes
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Figure 21: 50 discovery contours for the various processes used to search for Higgs bosons in the MSSM. This plot assumes
maximal stop mixing, minimizing the reach of LEP. From Ref. [35].

that gravity is responsible for the mediation of supersymmetfygure 22, is the distribution of the “effective mass”
breaking and provides a natural candidate for cold dark matter.
The GMSB model [61] assumes that Standard Model gauge in- 4
teractions are responsible for the mediation and explains why Moz = Er + me
flavor changing neutral current effects are small. Anomaly me-

diation is always present [62]; the AMSB model assumes that
it is dominant.

i=1

computed from the missing energy and the four hardest jets.

Gluinos and squarks usually dominate the LHC SUSY pr(-)r—h.IS IS ShOW.” n F!g. 24 after multijet anfdy/cuts for a SUGRA
duction cross section, which is of ordirpb for masses around point [64] with gluino and squark masses of abdit GeV.
1 TeV. Since these are strongly produced, it is easy to separal@hile the reach in Fig. 22 has been calculated for a specific
SUSY from Standard Model backgrounds provided only th&JSY model, the multiple jet plug’/ signature is generic in
the SUSY decays are distinctive. In the minimal SUGRA mod®8l0st 2 parity conserving models. GMSB models can give ad-
these decays produdé, from the missingy!’s plus multiple ditional photons or leptons or long-lived sleptons with high
jets and varying numbers of leptons from the intermediate gadtyt 3 < 1, making the search easieR-parity violating mod-
inos. Fig. 22 shows théo reach in this model at the LHC for €ls with leptonicx} decays also give extra leptons and very
100 fb~! [63] The reach is not very sensitive to the fixed pdikely violate e-x universality. R-parity violating models with
rameters {4 andtan 3). It is considerably more than the ex-X{ — ¢qq give signals at the LHC with very large jet multi-
pected mass range even férfb—! as can be seen from Fig. 23plicity, for which the Standard Model background is not well
which shows how the accessible mass range depends uporkipwn. For such models, it may be necessary to rely on leptons
tegrated luminosity. This plot also shows the parameter rarigj@duced in the cascade decay of the gluinos and squarks. In all
over which the model provides a suitable dark matter candidag@ses, SUSY can be discovered at the LHC if the masses are in

the expected range, and simple kinematic distributions can be
A typical example of the signatures whose reach is shownused to estimate the approximate mass scale [35].
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Figure 22: Plot of5¢o reach in minimal SUGRA model for

tan 3 = 35 andy = + at LHC with 100fb™" for Er inclu-  Figyre 23: Plot of5e reach in minimal SUGRA model for

sive, Hy with no leptons,Ef- plus one lepton (), opposite ¢, 3 — 35 andy = + at LHC for the By signal for various
sign 2/0OS) and same-sigre{SS) dileptons, and muIti—Ieptonsmtegrated luminosities.

(3¢,4¢). The region where a dilepton edge is visible is indicated.

From Ref. [63]. 10°

T T T TTTIT

A. SUGRA Measurements

The main problem at the LHC is not to observe a SUSY signaﬁ 10"
that deviates from the Standard Model but to separate the mar@
different channels produced by all the SUSY cascade decay£
from the produced squarks and gluinos. In SUGRA and many
other models, the decay products of SUSY patrticles always con= 10°
tain an invisibley?, so no masses can be reconstructed directly.

One promising approach is to try to identify particular decay
chains and to measure kinematic endpoints for combinations of "
visible particles in these [66]. For example, the/~ mass dis- 10
tribution from v — x%¢*¢~ has an endpoint that measures

Mo — Mo, while the distribution from the two-body decay

5 — 0¥ - X}¢* ¢~ has a different shape with a sharp edge

V/10 fo *

T TTTTHW T TTTTHW

T TTTTHW

) 10
at the endpoint 0 500 1000 1500 2000 2500
M. (GeV)
2 2 2 2 eff
(Mg — M7) (M7 — M3,)
MZQ Figure 24: Mg distribution for a SUGRA point with gluino

and squark masses of abdiib GeV (histogram) and Standard

Dilepton mass distributions [35] after cuts for an example ®fiodel background (shaded) after cuts. Based on Ref. [64].
each decay are shown for ATLAS in Figs. 25, 26 and for CMS

in Fig. 27. The position of the end point is 108.6 GeV in Fig 26.
The flavor-subtraction combinatiarte™ + p*pu~ — e uT re-
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Figure 26: Plot ofete™ + putu= — eiuf mass distribution
for for LHC SUGRA Point 5 withy — ¢(*¢F — %¢+¢~ in
ATLAS. From Ref. [35].

tions of masses can be measured. Consider, for example, the
decay chain

L — X9q — Gl¥q — Ut q.

moves backgrounds from two independent decays. The Igsk this decay chain, kinematics gives/—, ¢~ ¢, and twolq

plot shows that the signal structure depends strongly on tedpoints as functions of the masses. If a lower limit is imposed
choice of parameters. Note that at the small values:pfand on the/¢t ¢~ mass, there is also a minimufi¢—¢ mass. With
m1 /2 shown, the event rates are very large. Such endpoints gaitable cuts all of these can be measured [35, 67] for the cases
be observed over a wide range of parameters as indicate&¢dnsidered. An example is the minimuity mass formed from

Fig. 28 [63].

the dilepton pair shown in Fig. 29 and one of the two hardest
When a longer decay chain can be identified, more combinets. Since the hardest jets are mainly from squark decays, this
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Figure 29: Plot of minimumi/ (¢£¢q) mass formed froma*e™ +
— e*pT plus one of two hardest jets at LHC SUGRAFigure 31: Projection oMo

ptp

|n Fig. 30 for LHC Point 5. From

Point 5. The smooth curve shows a fit used to estimate the efRaf. [69].

on the endpoint. From Ref. [35].
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In the case shown this endpoint is at 552.4 GeV. The statistical
errors on the measured endpoints are typically comparable to
the systematic limits((0.1%) for leptons and?(1%) for jets.

The set of measurements just described can be used to deter-
mine all the masses in the relevant decay chain. This is most
easily done by generating the four masses at random and com-
paring the predicted results with the measurements. Fig. 30
shows a scatter plot of the resultifg andy! masses for LHC
SUGRA Point 5 and for a similar point in another SUSY model
with this decay chain [69]. The relations between masses are
determined with good precision, so these two models are easily
distinguished, as can be seen in Fig. 30. Although the LSP is
invisible, its mass, Fig. 31, can be measure@®{@0%) through
its effects on the decay kinematics.

If the two-body decayyd — x{h is open, it will typically
have a substantial branching ratio; it can be dominant ifithe

150 | N
i T~c5

100 |-

50 |

o Ll o1 11
0 50 100 150 200 250 300 350 400

andy{ are mainly gaugino and the slepton channel is closed. If

m, (GeV) events are selected with multiple jets, lafge, And two tagged
b jets, then the decay — bb can be reconstructed. Examples
Figure 30: Scatter plot of reconstructed valuesipf= M; _vs. for several points with different values &fn 5 are shown in
my = Mo for LHC Point 5 (S5) and for an “opt|m|zed stringFig. 32 [70][63]. Like the dilepton signal, this one can also be
model” (O]_) usmg mu|t|p|e measurements from the decay Cha}ﬁmbln(‘.‘d with additional ]etS to prowde further information.
qr — X5q — ’E #lTq — XY 0q. The stars mark the input It is also possible that the only two-body decays gfe—
values. From Ref [69]. 717 — X{77. This can occur naturally in SUGRA{} — x?Z
X{h, and/¢ are all closed butan 3 is large enough that) —
717 is open. One analysis of a sample point, LHC SUGRA
t 6, has been done [35] using hadronidecays to deter-
therr mass distribution. Since simple kinematic cuts se-
lect a rather pure SUSY sample with(1) hadronicr per event,
the r selection criteria were chosen not to optimize the QCD jet
rejection but rather to select multi-pion decays and so to im-

prove therr mass resolution. The combinatief 7~ — 77+

smaller mass should have an endpoint given by the above dec%]f1
chain at

2 2 2 2
(hag, - aezy) (a2, - 12,
e

X2
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Figure 32: Plot obb dijet mass distribution (points) with — bb signal (solid), SUSY background (dashed), and Standard Model
background (shaded) for variotisn 3. From Ref. [70] [63] .

removes most of the background from misidentified jets. TIBUJSY particle (NLSP), either thg) or a slepton, and by its
resulting visible mass distribution is shown in Fig. 33.71§ lifetime to decay into &. GMSB models generally provide ad-
could be measured perfectly, this distribution would have ditional experimental handles and so are easier to analyze than
shape like Fig. 26 with a sharp endpointat6é GeV. Although SUGRA models.
the endpoint is shifted and broadened by the missing neutrinosf the NLSP is they? and it decays promptlyi? — G+, then
measurements at the 5% level seem possible even in this dif-SUSY events contain two hard, isolated photons in addition to
ficult case. (This point and similar ones would give a very large;., jets, and perhaps leptons. The decay chgin- (E0F
contribution tog,, — 2 in contradiction to Ref. [68].) X0t~ — Gete—+ provides, in addition to aft ¢~ endpoint
Kinematic endpoints are of course only a small part of thie Fig. 26, precisely measurabléy and ¢y endpoints. An
data that will be available from the LHC if SUSY is discoveredexample is shown in Fig. 34. These measurements alone allow
One will be able to measure cross sections, relative branchthg masses involved to be determined precisely [35].
ratios, and many other kinematic distributions. For example, injf the NLSP is a7 and is long-lived, then it penetrates the
the decay chainty — (7¢T — x3¢+¢~, the ratiopr2/pr.1  calorimeter like a high momentum muon but has< 1. The
of the two leptons contains information that is independent §fmass can be measured directly using the muon chambers as
the endpoint: one lepton will be soft if the slepton is nearly time-of-flight system [35, 71]; see Fig. 35. Once this mass
degenerate with either thg) or thex?. is known, all the other masses can be determined directly by
observing mass peaks [35].
B. GMSB Measurements . The lifetime of the NLSR measures thg overall SUSY break-
ing scale and so is a crucial parameter in GMSB models. For
In GMSB models the gravitind? is very light; the phe- a x? NLSP with a very short lifetime, the Dalitz decay —
nomenology is determined by the nature of the next lighteSete~ can be used; the reach is limited only by the resolu-

22



2000

1000

Events/7 GeV/10 fb™

Figure 33: Plot ofr 7= —

100 200
M. (GeV)

150

ee+up-eu Events/2.5 GeV/10 fo

100 —

o
1S}
|

plln

0

Figure 34:¢*¢~ v mass distribution for a GMSB point with a
promptxy — (56F — x%te~ — Gyete~ decay. From

Ref. [35].

50 100 150 200
M,, (GeV)

250

[}
°
300 R Gaussian fits
©
e [] muon
ks
< 250 ~
3 ! £ T
IS
=]
< 200 -
150
0.0‘
5
]
100 <
K
!
Jososs!
Doesel
N
R
50 ]
120000500
RXXLA 4ol
R Ittt
(3559 R
KSR e sy N
0 KRR . Bt e FHARIOGRIIERATC A A .||
-0.5 -0.25 025 05 075 1 1.25 1.5
2
(M/100 GeV)

7% visible mass distribution with
hadronicr decays at LHC SUGRA Point 6. From Ref. [35].

Figure 35: Muon and;, masses reconstructed by time of flight.
From Ref. [71].

C. AMSB Measurements

In the AMSB model theﬁE and (mainly wino)y{ are almost
degenerate, while the (mainly bing} is heavier. Hence, sig-
natures involvingy$ decays are largely unchanged from sim-
ilar SUGRA ones [73]. Typically, the splitting between the
X andy! is a few hundred MeV, so the chargino decays via
& — X9 with ¢r ~ 1 cm and is mostly invisible. The frac-
tion of single lepton events is consequently reduced. A small
fraction of theﬁE will travel far enough to be seen in the vertex
detectors.

D. R-Parity Violation

The SUGRA, GMSB, and AMSB models assume tRgtar-
ity is conserved so that the LSP is stable. Itis possible that either
baryon number or lepton number is violated, allowing the LSP
to decay; violation of both would allow rapid proton decay. If
lepton number is violated, then SUSY events will contain mul-
tiple leptons, e.g., fron§) — ¢+¢~v or Y — £qq. These cases
are easy to detect, and similar partial reconstruction techniques
can be used [35].

If baryon number is violated, the LSP will decay into jets,
X} — qqq, giving events with very high jet multiplicity and no
(large) Hr. The QCD background for this is not well known,

tion of the vertex detector. A long-liveg} that decays inside but it appears difficult to extract the signal using only jets. It
the tracker will produce a photon that does not point to the pi$ possible, however, to reconstruct SUSY events using cas-
mary vertex. The ATLAS electromagnetic calorimeter providesde decays involving leptons. The results for an analysis at
pointing and can detect such decaysdor< 100 km[35]. The a point with the decay chaig) — 7 S Xt —
lifetime of a7 can be measured far< ¢r < 100 m by count- ggq¢* ¢~ is shown in Fig. 36. The mass combinations =

ing the numbers of events with one and two reconstructed slég{qqql™¢~) = M(qqq) show clear peaks corresponding to the

tons [72]. It should also be possible to reconstriict- Gt

decays in the central tracker.

X} and Y9 masses. Thg9, ¢z, andx? masses can be deter-
mined from these plus a dilepton edge similar to Fig. 26.
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For certain choices of the MSSM parameters, it is possible
for the heavy Higgs bosond and H to decay to sparticles. AsFigure 38: The region il/,4 — tan 8 where the decayl —
an example, The decay, H — ¢Jx3 has been investigated byx9x% — 4¢ + X is observable in the SUGRA model. The con-
both collaborations. The subsequent degay— /¢~ ¢! gives tours are labeled by:y. An integrated luminosity 0300 fb~*
rise to events with four isolated leptons. The invariant massisfassumed. From Ref. [35].
the 4-lepton system for one such case is shown in Fig. 37. Here
the study [75] is done in the context of the MSSM.

This signal is visible over a large fraction of parameter spa
as can be seen from Fig. 38 which shows the accessible re
in the SUGRA model for various values of,. Note that the
value ofm, 5 is determined oncé/4 andm, are given. For
large values of\/ 4, the decayd, H — tt dominates and the
signal is unobservable.

4fid cMs detectors at the LHC should be straightforward. Many
N sB models provide additional handles. If lepton number is
violated, the signatures are easier. If baryon number is violated,
discovery probably must rely on selecting particular cascade
decays, although measurements are then easier. The kinemat-
ics and qualitative features of the discovery signatures can be

used to establish the approximate mass scale and to distinguish
F. SUSY Summary classes of models.

If SUSY with R parity conservation exists at the TeV scale, If R parity is conserved, then all SUSY decays contain a miss-
then observation af'# plus multijet signatures with the ATLAS ing LSP, so no mass peaks can be reconstructed. Kinematic
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endpoints of mass distributions have proved useful for a num>
ber of SUSY points in a variety of SUSY models [35]. The 8
method seems fairly general: there is usually at least one dis
tinctive mode — typicallyxd — x%¢t¢~, X3 — (50T, or
3 — x{h — x{bb — from which to start. These can be com-
bined with jets to determine other combinations of masses.
The SUSY events will contain much more information thanm
just endpoints like those described above. For example, while
it is not possible to reconstrug%tli decays in the same way be- 20
cause of the missing neutrino, one can get information about =
the chargino mass by studying,, and other distributions for B
1-lepton events. Cross sections and branching ratios can also be -

40

vents/10

30 —

IR

measured; interpretation of these will be limited by the theoret- 10 :::go,o,q
ical errors on the calculation of cross sections and acceptances. B {:3:::::3
Without real experimental data, it is difficult to assess such the- - {:30’0’0’ -
oretical systematic errors. 0 I %%t &
This program will provide a large amount of information 0 500 1000 1500 2000
about gluinos, squarks, and their main decay products, includ my,, (GeV)

ing XY, X9, ¥*, and any sleptons that occur in their decays. The
heavy gauginos typically have small cross sect|0r_13, as dq S.'E%ure 39: The invariant mass spectrum for same sign dileptons
tons produced only by the Drell-Yan process. High PreciSION the search for a strongly couplédV sector as simulated by
mgasurements of the LSP. mass and of couplings and brand}iﬁlgAS. The signal corresponds toldaleV Higgs boson. The
ratios also appear more difficult. backgrounds are fromZ and W W production via elec-

troweak bremsstrahlung. From Ref. [35].
V. STRONG EWSB DYNAMICS

While the existing precision electroweak measurements are
consistent with a light Higgs boson, the possibility of elec- ATLAS [35] conducted a study of the signal and background
troweak symmetry breaking by new strong dynamics at the Tavthis channel. Events were selected that have two leptons of
scale cannot be excluded. the same sign withy > 40 GeV and|n| < 1.75. If a third
lepton was present that, in combination with one of the other
two, was consistent with the decay of/amass within 15 GeV
of the Z mass), the event was rejected. This cut is needed to

The couplings of longitudinally polarized gauge bosons &iminate the background frof Z andZ Z final states. In ad-
each other are fixed at low energy by the nature of the spgfition the two leptons are required to have invariant mass above
taneously broken electroweak symmetry and are independ&®® GeV and to be separatedqgnso thatcos ¢ < —0.5. At
of the details of the breaking mechanism. Scattering amplitudbis stage, there are 1700 Standard Model events for a lumi-
calculated from these couplings will violate unitarity at center @fosity 0f300 fb~'. Of these events roughly 90% are fréinZ
mass energies of tH& 1V system around 1.5 TeV. New physicind Z Z final states and 10% froi’t¢. There are of order 300
must enter to cure this problem. In the minimal Standard Modgignal events depending upon the model used for the strongly
and its supersymmetric version, the cure arises from the weakBupled gauge boson sector. Additional cuts are needed to re-
coupled Higgs bosons. If no Higgs-like particle exists, then neice the background. A jet veto requiring no jets with> 50
non-perturbative dynamics must enter in the scattering amphieV and|n| < 2 is effective against th&/¢¢ final state. The
tudes forlW W, W Z and ZZ scattering at high energy. Therefequirement of two forward jet tags each with < pr < 150
fore, if no new physics shows up at lower mass scales, one m@stv and|n| > 2 reduces thé/' W', ZZ andW Z background.
be able to prob&/;, W, scattering at/s ~ 1 TeV. The remaining background ef 80 events is dominated by

Various models exist that can be used as benchmarks for this gq¢ — W W qq processes. The signal rates vary between
physics[76]. The basic signal for all of these models is an exc&fs and 9 events depending upon the model. The largest rate
of events over that predicted by the Standard Model for gaugeses from a model where thEg11 scattering amplitude, which
boson pairs of large invariant mass. In certain models reson@nknown at small values of/s from low energy theorems, is
structure can be seen; an example of this is given in the nextrapolated until it saturates unitarity and its growth is then
subsection. Since in the Standard Model there is no process off. The case of a 1 TeV Standard Model Higgs boson is
qq — WEW=*, theW*W* final state expected to have a muclshown in Fig. 39 where there are approximately 20 events. It
smaller background than théZ or W W~ ones. There are can be seen that the signal and background have the same shape;
small W*W+ backgrounds from higher order processes arlerefore the establishment of a signal requires confidence in
from W Z if one lepton is lost. The background from chargéhe expected level of the background. The experiment is very
misidentification is negligible in either ATLAS or CMS. difficult, but at full luminosity, a signal might be extracted by

A. Strongly interactingV’s
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Figure 41: Difference of the Standard Model prediction and the

Figure 40: Reconstructed masses for high-mass resonance£HECt Of compositeness on the jgi distribution, normalized

caying into gauge boson pairs a simulated by ATLA®): pr ;O the _Standalrd Mofil rate. The_ errors cac;rlgspong t?fB305€)
of mass 1.0 TeV decaying intd’Z and subsequently into 3 orvarious values of the compositeness s rom Retf. [35].

leptons; andb) wr of mass 1.46 TeV decaying intdy with
7 — 2 leptons. From Ref. [1].

C. Compositeness

_ _ If quarks have substructure, it will be revealed in the devia-
comparing the rate folV W with those forlWWZ, W*W™, tions of the jet cross-section from that predicted by QCD. The

andZZ final states. deviation is parameterized by an interaction of the form
A similar study in CMS of theW "W final state leads to A
a similar conclusion [77]. Jet tagging (vetoing) in the forward pq'y“qq'y“q

(central) region is essential to extract a signal.

which is strong at a scal&d. This is regarded as an effective
interaction which is valid only for energies less thanThe AT-
LAS collaboration has investigated the possibilities for search-
ing for structure in the jet cross-section at high. Fig. 41

Many models of strong electroweak symmetry breaR!'OWS the normalized jet cross sectitr) dprdn aty = 0. The
Eire is shown as a function pf- for various values ofA and is

B. Technicolor

ing (technicolor [78][79], topcolor-assisted technicolor [80 )
BESS [81]) predict resonances which decay into vector bos mahzed to the val_ue gxpected f.rom QCD. Thg error bars ata
articular value opr indicate the size of the statistical error to

(or their longitudinal components). These signals are very str N 1

ing since they are produced with large cross sections and expected at that value for_luml_n03|t.|es30f) fo~". Itcan be

be observed in the leptonic decay modes ofithendZ where seen that th? LHC at full Iu_mlnosny V\."".be able to probe up to

the backgrounds are very small. A = QQ TeV if the systema_tlc uncertainties are smaller than the
. ) ] statistical ones. Systematic effects are of two types; theoretical

ATLAS has studied a techni-rhpg: — W Z, with W' — fv,  yncertainties in calculating the QCD rates and detector effects.
Z — tt, form,, = 1.0 TeV and also a techni-omegar —  The former are dependent upon an accurate knowledge of the
Zry, with Z — £¢, for my,, = 1.46 TeV. The backgrounds duégiycture functions in the range of interest and upon higher
to ¢¢ and continuum vector-boson pair production are small g&jer QCD corrections to the jet cross-sections. Uncertainties
can be seen in Fig. 40. from these sources can be expected to be less than 10% .

More challenging are the possible decays into non-leptonidexperimental uncertainties are of two types: mismeasurement
modes such apr — W (¢v)mr(bb), which has a signature due to resolution and nonlinearities in the detector response.
like associated? H production withH — bb; nr — tt, for The former are at the 20% level; the latter can be more serious
which the signature is a resonance in thevariant mass; and and can induce changes in the apparent shape of the jet cross-
prs — jetjet, for which the signature is a resonance in the dijeection. In the case of ATLAS these non-linearities could fake a
invariant mass distribution. compositeness effect with a scale~ 30 TeV, which is beyond
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Figure 42: Difference of the Standard Model prediction and the r(ee)
effect of compositeness on the di-jet angular distribution for di-
jet mass above 5000 GeV, normalized to the Standard Mo%{aﬁ
rate. The errors correspond 300 fb—! for various values of
the compositeness scale From Ref. [35].

ure 43: Expected electron-neutrino transverse mass distri-
ion in ATLAS for W’ — ev decays withMy, = 4TeV
(solid) above the dominant background fréi — ev decays
(dashed). From Ref. [1].

the limit of itivity.
© 1Mt O1 SensSivity. éa |n| < 1.2 roughly halved the observed asymmetries and pre-

The angular distribution of the jets in a dijet event select ted discrimination bet ¢ ticular models which
so that the dijet pair has a very large mass is less sensitive' 7§ c0 discrimination between two particuitr models whic

the non-linearities. Events are selected with the invariant mé@gy mvestlgatgd. . ) o

of the jet pair is above soml, and the variable defined by ATLAS,aIso |n\_/est|_gated their sensmwt_y to a new gharged
X = (1+cos) /(1 — cos 8) whered is the angle of an outgoing boson W decaylng intoev. The signal is structure in the
jet relative to the beam direction in the center of mass frameERNSVerse mass dlstrlbutlon at mass?s much greaterthan
the jet pair. The distribution shown in Fig. 42 illustrates thdild- 43 shows the signal for a 4 TeN”. They conclude that
A ~ 40 TeV is accessible via this variable. with 100fb—! one would be sensitive ta;;» = 6 TeV and that

A better constraint on the scalemay be obtained from Drell- the mass could be measured with a precision of 50 GeV. Simi-
Yan dilepton final states, if leptons and quarks are both complf-results for the sensitivity to neW bosons have also been

ite and share common constituents. obtained by CMS [85].

VI. NEW GAUGE BOSONS VII. EXTRA DIMENSIONS

A generic prediction of superstring theories is the existenceThere is much recent theoretical interest in models of parti-
of additionalU (1) gauge groups. There is thus motivation tale physics that have extra-dimensions in addition to the 3+1
search for additionadlV’’ and Z’ bosons. The current Tevatrondimensions of normal space-time [24, 86, 25]. In these models,
limit is 720 GeV forWW’ [82]. new physics can appear at a mass scale of order 1 TeV and can

ATLAS and CMS have studied the sensitivity to a new netherefore be accessible at LHC. Two generic types of signals
tral Z’ boson inete™, pu and jet-jet final states, for varioushave been discussed. In models of large extra-dimensions [24],
masses and couplings [83, 84]. It is assumedIbatx my/.. there is a tower of states consisting of massive graviton exci-
ATLAS finds the best sensitivity in thete~ mode, in which tations whose properties are parameterized in terms of two pa-
signals could be seen up toz, = 5 TeV for Standard-Model rameters, the number of additional dimensions and the fun-
couplings. The other final states would provide important imlamental scaléd/p. The size of the extra dimensiois can
formation on theZ’ couplings. The pseudorapidity coveragee expressed in terms of these. Graviton excitations are pro-
over which lepton identification and measurement can be cduced in quark or gluon scattering; since they have gravitational
ried out is important forZ’ searches: should a signal be obstrength couplings, they escape the detector, giving rise to final
served, the forward-backward asymmetry of the charged legtates with jets or photons plus missing transverse energy. Back-
tons would provide important information on its nature. ATgrounds arise from the productiongfor W in association with
LAS found that reducing the lepton coverage fromh < 2.5 ajet [87]. Fig. 44 shows the distribution in missing transverse
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Figure 44: Distributions of the missing transverse energy in
tra dimensions signal and in background events after the s
tion and for 100 flb ! of integrated luminositys = 2, Mp =7
TeV is shown for the signal. From Ref. [87].

eeiﬁ(i;gure 45: Distributions of theT e~ invariant mass in signal
fi6m a graviton resonance of mass 1 TeV and in background
after event selection and for 100 th of integrated luminosity.
From Ref. [88].

energy for the signal and background. The signal is manifest@sa form factor; so (for example)
an excess at largé7/ Ford = 2, and an integrated luminosity
of 100fb—! values ofMp, less than 9 TeV are accessible. The ArY,

;igngl could be confirm(_ed fro_m the+ Er channel as the rates (14 ¢?/A% )"

in this channel are predicted in terms of the same parameters. )

In models of small (warped) extra dimensions [25], the graitn€reéArr is the form factor scale and = 2 for Ax, A.
ton excitations are much more massive and decay into jets, lept® ATLAS collaboration has studied [90] the senfmwty to
tons or photons. The decay into leptonic final states has b&@ipmalous couplings in thié’y and W Z modes; theV =W
studied [88]. Signals are similar to those of new gauge bosc;ig"a! IS swamped byt background. A form factor scale
except that that graviton resonances have spin-2. Fig. 45 showWd™ — 10Tev was used. Fpr thW7 final state, even?s were
how such a resonance would appear indhe~ mass distribu- 25Sumed to be triggered using a highiepton plus a higpr
tion. The signal is visible for gravitons whesex B = 0.5 fb photon cgndldate. The background includes cqntrltiutlons from
or approximately 2 TeV in the model used in Ref. [88]. Cor[s_verlts with a real lepton and a real photon'(éaljgy, tty, and
firmation that the signal is indeed a graviton comes from me42): @ fake lepton but a real photon (e.g.+ jet); and a fake
surements of the angular distribution that confirms that the r&é‘-"to” with a real lepton (e.gW + jet, bb, andtt). Rejec-

i S . . :
onance is spin-2 and possible observation in other final staf@d factors ofl0® against jets faking photons and” against
such asy7. jets faking electrons were used (consistent with the results from

full simulation). To reduce backgrounds, events were selected
with pJ. > 100 GeV, p% > 40GeV, and|n’| < 2.5. Events
VIIl. ANOMALOUS GAUGE-BOSON with jets were also vetoed, to further reduce backgrounds and
COUPLINGS to lessen the importance of higher-order QCD corrections. In
an integrated luminosity df00fb—!, 7500 events remain, with
The trilinearW WV andZ~V couplings { = Z,~) may be a signal to background ratio of 3:1. The distribution is then
probed at hadron colliders using diboson final states. Followifiged in the region where the Standard Model prediction is 15
the usual notation, the CP-conserviig'V’ anomalous cou- events (above abo@b0 GeV), yielding limits of | Ax.,| < 0.04
plings are parameterized by five parametets:z, Az, Ax,, and|\,| < 0.0025 (95% C.L.).
Ay andAg? [89]. In the Standard Modek , =1, Agf =1  Similar techniques were used for tiEZ state. The trig-
and )z, = 0 In general, we would expect anomalous cower was three high+ leptons, and the backgrounds are from
plings of ordermy, /A% if A is the scale for new physics, so ifZbb, Z + jet, bb andf processes. Events were selected with
A ~ 1TeV thenAky, Ay ~ 0.01. Py > 25GeV, [nf| < 2.5, |mee, — mz| < 10GeV?, and
To maintain unitarity, anomalous couplings must be modifiedr (¢3, Er) > 40 GeV?; a jet veto was also imposed. In

Aky(q*) = 1)
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qguarks, where the decay products are boosted and thus close.

ny IARARBRRE! T
0.002 - 95% CL g-gi: 5% CLE Combinatorics and uncertainties associated with measuring the
0.001 - 002k !ndlv.|dual jets are reduce(_j, whereas those from jet energy cal-
o L U ibrations are increased with the result that the expected errors
0001 3 E < 002k are comparable.

R ' The mass may also be reconstructed from dilepton events.
-0.002 'g'g:: ATLAS estimates that, by selecting events with two leptons
20,008 Bl Lol ] R S N from I decays and an additional lepton fréndecay, and plot-

-0.005 0. 0.005 -0.005 AO- 0.005 ting the invariant mass of the lepton pair originating from the
0,008 rerrr _Af?‘ e 0,008 e ‘gz ., ~ Sametop decay, the mass could be determined with a statistical
g 1 - 95% cL-  accuracy oft0.5 GeV, and a total accuracy of abaoti® GeV.

0.004 0.004f - The dominant systematic errors arise from uncertainties in the

0.002 1 0.0021 - b-quark fragmentation and are therefore complementary to the
Mo 1o b © 3-jet system which is dominated by calorimeter and jet system-

-0.002 | -0.002 - atics.

0004 7 0004r B 2. Rare Top Decays

-0.006 s o Ld g ppp ool o - ) ) )

-0.0025 0. 0.0025 0.005 -0.05-0.025 0. 0.0250.05 The large statistics available at LHC will provide sensitivity to
A9z Akz other non-standard or rare top decays. As an example, ATLAS

have investigated the channel> Z¢ [35], which should occur
Figure 46: 95% CL sensitivity limits on anomalous couplinggt a negligible level in the SM. With an integrated luminosity
from W~ and Z~ production for an integrated luminosity ofsf 100 f,-1, branching ratios as small @sx 10~> could be
100fb71. From Ref. [90] measured_

It has been estimated that [94] LHC will attain a precision

2-3 times better than that ultimately achievable at the Tevatron
100fb~!, 4000 events then remain, with a signal to backgroungh the ratio of longitudinal to left-handeid”’s produced int
ratio of 2:1. ThepZ distribution is again fitted in the regiondecays. This ratio is exactly predicted in the SM for a given top
where the Standard Model prediction is 15 events (above ab@iiss, and is sensitive to non-standard couplings &t théVb
380 GeV), yielding limits of [Axz| < 0.07 and|Az| < 0.005 vertex, such as a possiblé+ A contribution.
(95% C.L.).

A likelihood fit to the distributions then yields correlated B. B Physics

limits on Akz, Az, Ag?, Ak~ and A, which are shown in
Fig 46. These limits are comparable to deviations expectedhe preceding sections have shown the importancé- of
from radiative corrections in the Standard Model and extensid@gging in addressing many of the high- physics goals of
thereof [91]. Better precision might be obtained by using tiiee LHC. Both major detectors will consequently have the ca-

angular distributions. pability to tag heavy flavor production through displaced ver-
tices. This capability, together with the largeuark produc-
IX. STANDARD MODEL PHYSICS tion cross-section at the LHC, will enable them to also pursue
an interesting program d8-physics. It can be assumed that CP
A. Top Quark Physics violation in theb—quark system will have been observed before

Th tential for the studv of the t K at had i’]e LHC gives data. Nevertheless the enormous rate will enable
_ 'he potentia’ for the study ot the top quark at hadron co L very precise determination sifi 23 to be made using the de-
liders is already apparent. The LHC will be a top factor

. ARl L ay By — VKg (¥ = J/v,9(25)). An error of+0.02 can be
with about 10 ¢¢ pairs produced per year at a luminosity o 1 g L .
. . xpected aftet0 fo~* of integrated luminosity. It will also be
1033 e¢cm—2s~1. This would result in about 200,000 recon- P 9 Y

_ > possible to measurB, B, mixing and to search for rare decays
structedtt — (fvb)(j4b) events and 20,000 cleap events. such asB — juy.

1. Top Mass Measurement
. X. SUMMARY AND CONCLUSIONS
The top mass can be reconstructed fromtthes (£vb)(5;b)

final state using the invariant mass of the 3-jet system. Problem¥he SU (3) x SU(2) x U(1) gauge interactions of the Stan-
arise from systematic effects due to the detector and the thdard Model provide an elegant and a tremendously successful
retical modeling of the production dynamics. This measuremetgscription of existing data, but they give no explanation of
requires, of course, that the hadronic calorimetry be calibraténd origin of particle masses. The internal consistency of the
to this level in the absolute energy scale and that its respoistandard Model requires that at least part of the explanation of
be stable over time. ATLAS [35] has studied these effects anthsses, the origin of electroweak symmetry breaking, must be
concludes that an accuracy of better tHethGeV could be at- found at the TeV scale. The LHC is unique among accelerators
tained. A complementary method exploits very hjghtop currently existing or under construction in that it has sufficient

29



energy and luminosity to study that mass scale in detail. Morg] F.J. Hasertet al, Phys. Lett46B, 138 (1973).

specifically, the very detailed simulation studies carried out byg; r. Brandelik,etal, Phys. Lett86B, 243 (1979); D.P. Barber,
the ATLAS and CMS collaborations enable one to make the fol- et al, Phys. Rev. Let#3, 830 (1979); C. Bergeetal, Phys.

lowing statements with a high degree of confidence: Lett. 86B, 418 (1979);W. Bartelgtal, Phys. Lett.91B, 142

- . . 1980), P. Banneet al, Phys. Lett.122B, 130 (1983), Phys.
o If the minimal Standard Model is correct and the Higgs ( ) Y B ( ). Phy

, : , -Or Lett. 129B, 476 (1983).
boson is not discovered previously, it will be found at LHC. , ,
[9] G. Arnison,et al. Phys. Lettl26B, 398 (1983), G. Arnisorgt al.

o If supersymmetry is relevant to the breaking of elec- Phys. Lett122B, 103 (1983).

troweak symmetry, it will be discovered at LHC and manji0] F. Abeetal. Phys. Rev. Let73, 2667 (1994)Phys. RevD52,
details of the particular supersymmetric model will be dis- 2605 (1995); S. Abactét al. Phys. Rev. Let?4, 2632 (1995).

entangled. [11] K. Kodamaet al.[DONUT Collaboration], hep-ex/0012035.

o If the Higgs sector is that of the minimal supersymmetrid2] H. Christenson, J. W. Cronin, V. L. Fitch and R. Turlay, Phys.
model, at least one Higgs decay channel will be seen, no Rev. Lett.13(1964) 138.
matter what the parameters turn out to be. In many casg3] A. Alavi-Haratiet al. Phys. Rev. Let83, 22 (1999); T. Gershon
several Higgs bosons or decay channels will be seen. hep-ex/0101034.

o If the electroweak symmetry breaking proceeds via sorhigt D- Boutigny, etal, SLAC-R-95-457, M.T. Chenget al, KEK
new strong interactions, many resonances and new exotic R€PO't BELLE-TDR-3-95.

particles will almost certainly be observed. [15] BaBar collaboration, hep-ex/0102030; Belle Collaboration hep-
ex/0102018.

T. Affolder et al., Phys. RevD61, 072005 (2000).

[17] D. E. Groomet al. [Particle Data Group Collaboration], Eur.
e Signals for extra-dimensions will be revealed if the rele-  Phys. J. C15, 1 (2000).

vant scale is in the TeV range. [18] R.N. Cahn, R. N., LBL-38649 (1996), submitted to Rev. Mod.
The LHC represents a great opportunity — and promise of vast Phys.
excitement — not only for the collaborators on the LHC expell9] P. Igo-Kemenes, report to the LEPC, November 2000,
iments but for the whole field of particle physics. [20] The LEP Electroweak Working Group, CERN-EP-2000-016.

1] C. Quigg, B.W. Lee and H. ThackeRhys. RevD16, 1519 (77)
Wg thank our many ATLA$ and CMS colleagues who haJé M. Veltman Acta Phys. PolorB8:475 (1977).
carried out the work summarized here.

The work was supported in part by the Director, Office of E22] Forareview see, I. HinchliffeAnn. Rev. Nucl. and Part. SE6,
ergy Research, Office of High Energy Physics, Division of High 505 (1986);
Energy Physics of the U.S. Department of Energy under CdA3] For areview see, K.D. Lane hep-9605257 (1996).
tracts DE-AC03-76SF00098 and DE-AC02-98CH10886. AR4] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett.
cordingly, the U.S. Government retains a nonexclusive, royalty- B429, 263 (1998).

free I?cer?se to publish or reproduce the published form of thiss) | Randall and R. Sundrum, Phys. Rev. L&8, 3370 (1999).
contribution, or allow others to do so, for U.S. Government pu[r2-6] P. Lefevreet al, CERN/AC/95-05,
PoSes. [27] ALICE Technical Proposal, CERN/LHCC/95-71.
Xl. REFERENCES [28] LHC-B Technical Proposal, CERN/LHCC/95-XX.
[29] E. Eichtengt al, Rev. Mod. Phys6, 579 (84).
[30] CERN Program Library, GEANT.

e New gauge bosons with masses less than several TeV \Mg]
be discovered or ruled out.

[1] Atlas Technical proposal, CERN/LHCC/94-43.
[2] CMS Technical proposal, CERN/LHCC/94-38.
[3] M. Kobayashi, T. MaskawaProg. Theor. Phys49:652 (1973). [31] C.Seez, CMS-TN/94-289 (1994).

N. Cabibbo, Phys. Rev. Lettl0, 531 (1963). [32] D. Froidevaux. F. Gianotti and E. Richter Was, ATLAS Note
[4] S. Glashow, Nucl. Phys.22, 579 (1961); S. WeinbergPhys. PHYS-NO-064 (1995), F. Gianotti and I. Vichon, ATLAS Note
Rev. Lett.19, 1264 (1967); A. Salamin: “Elementary Particle PHYS-NO-078 (1996).

Theory,” W. Svartholm, ed., Almquist and Wiksell, Stockholn33] F. Abe,et al, Phys. RevD51, 4623 (1995).
(1968); H.D. Politzer,Phys. Rev. LetB0, 1346 (73)); D.J. Gross [34] N. Stepanov and V. Drollinger, CMS Note 2000/059.

and F.E. Wilczek,Phys. Rev. LetB0, 1343 (1973)).
[5] G. Miller, etal, Phys. RevD5, 6528 (1972), A. Bodeket al [35] ATLAS Collaboration, ATLAS Detector and Physics Per-

formance Technical Design Report, CERN/LHCC/99-14,
Phys. Rev. LetB0, 1087 (1973). .
ys. Rev. LetBh ( ) http://atlasinfo.cern.ch/Atlas/GROUPS/-
[6] J.J. Aubert,etal, Phys. Rev. Lett33, 1404 (1974); J.E. Au- PHYSICS/TDR/access.html

gustin,etal, Phys. Rev. Lett33, 1406 (1974); G. Goldhaber, ) . ) .
etal, Phys. Rev. LetB7, 255 (1976); S.W. Herket al, Phys. [36] V. Drollinger, PhD Thesis, University of Karlsruhe, 2001.

Rev. Lett39, 252 (1977); D. Andrewst al, Phys. Rev. Letd5, [37] J.-C. Cholletet al, ATLAS internal note PHYS-NO-17 (1992),
219 (1980). L. Poggioli, ATLAS Note PHYS-NO-066 (1995).

30



(38]

(39]
[40]

[41]

[42]

[43]
(44]
(45]
[46]
[47]

(48]
[49]

[50]

(51]

[52]

(53]
(54]
[55]
[56]
[57]
(58]
[59]
(60]

(61]

(62]

D. Denegri, R. Kinnunen and G. Roullet, CMS-TN/93-10163] S. Abdullinet al.[CMS Collaboration], “Discovery potential for

(1993). supersymmetry in CMS,” hep-ph/9806366.

V. Drollinger and A. Sopczak, hep-ph/0102342. [64] 1. Hinchliffe and F. E. Paige, hep-ph/0010086, to appear in Phys.
CMS Collaboration, ECAL Project Technical Design Report, Rev. D.

CERN/LHCC/97-33, [65] D. Denegri, W. Majerotto and L. Rurura, Phys. RB®0 (1999),
http://cmsdoc.cern.ch/cms/TDR/ECAL/ecal.html . 035008;

L. Rurua, PhD Thesis, Institute of High Energy Physics, Austrian
Academy of Sciences, 1999.

[66] I. Hinchliffe, F. E. Paige, M. D. Shapiro, J. Sodergvist and

Ph. Mine, S. Moreau and I.Puljak, CMS Note 1999/071;
I. Puljak PhD Thesis, Ecole Polytechnique, 2000.

M. Dittmar and H. Dreiner, Phys. Rev. Bb, 167 (1997). [hep- W. Yao, Phys. Rev. 35, 5520 (1997) [hep-ph/9610544].
h/9608317].

P ] [67] H. Bachacou, I. Hinchliffe and F. E. Paige, Phys. Rev6D)

D. Bomestar et al.,, CMS TN-1995/018. 015009 (2000) [hep-ph/9907518].

M. Dittmar, hep-ex/9901009. [68] H.N.Brownetal.[Muon g-2 Collaboration], Phys. Rev. Le886,

M. Bosman and M. Nessi, ATLAS Note PHYS-NO-050 (1994). 2227 (2001)

J. OhnemusPhys. RevD50, 1931 (1994). [69] B. C. Allanach, C. G. Lester, M. A. Parker and B. R. Webber,

JHERD009 004 (2000) [hep-ph/0007009].
N.Stepanov, CMS-TN/93-87 (1993); S. Abdullin and[m] S Abdullin CMS Note 1997/070

N. Stepanov, CMS-TN/94-179 (1994).
. [71] M. Kazana, G. Wrochna, and P. Zalewski, CMS CR 1999/019
S. Abdullin and N. Stepanov, CMS-TN/94-178 (1994). (June, 1999)

D. Zeppenfeld, R. Kinnunen, A. Nikitenko and E. Richter-Was’[VZ] S. Ambrosanio, B. Mele, A. Nisati, S. Petrarca, G. Polesello,
Phys. Rev. 162, 013009 (2000) [hep-ph/0002036]. A. Rimoldi and G. Salvini, hep-ph/0012192.

M. Carena, M. Quiros, C.E.M. Wagnehucl. PhysB461, 407 [73] F. E. Paige and J. Wells, hep-ph/0001249.

(96). [74] B. C. Allanach, A. J. Barr, L. Drage, C. G. Lester, D. Morgan,
S. Abdullin, C. Kao and N. Stepanov, University of Rochester M. A. Parker, P. Richardson and B. R. Webber, hep-ph/0102173.

UR-1475, July 1996. [75] F. Moortgat, CMS CR 2001/005.

R. Kinnunen, J. Tuominiemi, and D. Denegri, CMS-TN/93-9§76] M.S. Chanowitz and M.K. Gaillard, Nucl. Phys.B261, 379
(1993) and CMS-TN/93-103; C. Seez, CMS-TN/93-84. (1985).

D. Cavalli,et al, ATLAS Note PHYS-NO-025 (1993). [77] J.R. Smith, CMS TN/95-179 (1995).

D. Cavalli and S. Resconi, ATL-PHYS-2000-005. [78] S. Dimopoulos and L. Susskind, Nucl. Phys185 237 (1979).
R. Kinnunen and A. Nikitenko, CMS Note 2001/031. [79] S. Weinberg, Phys. Rev. D9, 1277 (1979).

R. Kinnunen, CMS NOTE-2000/045. [80] C.T. Hill, model,” Phys. Lett. 66, 419 (1991).

K.A. Assamagan and Y. Coadou, ATL-PHYS-2000-031. [81] R. Casalbouniet al., Int. J. Mod. PhysA4,1065 (1989).

N. Stepanov, CMS-TN/94-182 (1994). [82] 543?1393;? Phys. Rev. Letfr4, 2900 (95), Phys. RevD51,
D. Denegri et al, CMS Note 2001/032.

[83] A. Henriquez and L. Poggioli, ATLAS Note PHYS-NO-010
L. Alvarez-Gaume, J. Polchinski and M.B. Wise, Nucl. Phys. (1992).

B221, 495 (1983); )
L. Ibafiez, Phys. Lett118B, 73 (1982); [84] C.Wulz, CMS TN-1993/107.

J.Ellis, D.V. Nanopolous and K. Tamvakis, Phys. L&1B, 123 [85] A. Canerand M. Spezziga, CMS Note 2000/072.

(1983); [86] I. Antoniadis, Phys. LetiB246, 377 (1990).
K. Inoueet al. Prog. Theor. Phys8, 927 (1982); [87] L. Vacavant and I. Hinchiiffe, SN-ATLAS-2001-005, J. Phys. G
A.H. Chamseddine, R. Arnowitt, and P. Nath, Phys. Rev. Lett, (to appear).
49, 970 (1982). .
( ) [88] B. C. Allanach, K. Odagiri, M. A. Parker and B. R. Webber,
M. Dine, W. Fischler and M. Srednicki, Nucl. PhyB189, 575 JHEFD009 019 (2000) [hep-ph/0006114].
(1981); .
S. Dimopoulos and S. Raby, Nucl. PhiaL92,353 (1981); [89] K. Hagiwara.et al. Nucl. PhysB282, 253 (1987)
C. Nappi and B. Ovrut, Phys. Lettl3B,175 (1982); [90] G. Azuelosgtal, ATL-PHYS-2001-002.
L. Alvarez-Gaung, M. Claudson and M. Wise, Nucl. Ph¥&207, [91] J. Ellison and J. WudkaAnn. Rev. Nucl. and Part. Set8, 33
96 (1982); (1998)

M. Dine and A. Nelson, Phys. Rel48, 1227 (1993); [92] D. Cavalli,et al, ATLAS internal note PHYS-NO-053 (1994).
M. Dine, A. Nelson and Y. Shirman, Phys. Réb51, 1362

(1995): [93] R. Kinnunen, D. Denegri and J. Tuominiemi, CMS-TN/94-233

M. Dine, et al, Phys. RevD53, 2658 (1996). (1994).

L. Randall and R. Sundrum, Nucl. Phys. 357, 79 (1999); [94] lshep(?rt o{t:]heTTthZOO(’)DSf:dydQrou(;)RorllS FutlijredEIec;rowe.lalg
G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, ysics atthe Tevatron,' D. Amidei and R. Brock (eds.), Fermilal

JHEF9812 027 (1998) 1996.

31



